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Preface for English Edition 


This monograph is dedicated to the theoretical and experimental study of the 
macrokinetics and kinetics of the fast high-temperature decomposition of condensed 
energetic materials (explosives, pyrotechnical mixtures and gunpowders, as well as 
modern solid, liquid and hybrid rocket propellants). Numerous practical tasks re- 
lated to the manufacture and application of the energetic materials can only be 
solved through the use of reliable information on the patterns, mechanisms and char- 
acteristics of their high-temperature decompositions (especially about their ignition 
and burning mechanisms). 

In order to be able to evaluate the conditions needed for the safe use of rockets 
undergoing aerodynamic heating, the kinetic constants for the decompositions of the 
corresponding solid propellants are required. Liquid propellants are also affected by 
the intense heating that occurs in the nozzle cooling systems and precombustion 
chambers of rocket engines. Under certain conditions this can result in burning and 
explosions in the corresponding parts of the rocket engines. Therefore, data on the 
kinetics of the homogeneous and heterogeneous decompositions of liquid propel- 
lants (on the surfaces of the construction materials used) are extremely important 
for various applications in rocket and space engineering. 

Kinetic constants of fast high-temperature decomposition of solid and hybride 
propellants and their components are of primary importance for theoretical analysis 
and practical applications. The extrapolation of low-temperature kinetic data into the 
high-temperature region gives temperature values for the burning surface that dras- 
tically disagree with experimental data obtained by thermocouple measurements. 
Since there are quite a few examples of such disagreements, the only solution is to 
develop methods (initially experimental) for direct measuring high rates of thermal 
decomposition and for estimating kinetic parameters at high temperatures. As ex- 
plained in this book, classical isothermal methods of chemical kinetics cannot be 
used in this case. 

The application of the new methods of nonisothermal kinetics to the study of 
fast decompositions of energetic materials at their ignition, burning and explo- 
sion temperatures is theoretically based. The kinetic parameters for the decomposi- 
tions of polymers, ammonium perchlorate, nitrocellulose and others are calculated 
from experimental data on their linear pyrolysis or ignition (that is, under condi- 
tions of spatially nonisothermal heating). New patterns for the high-temperature 
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decompositions of these energetic materials are described and characterized using 
the new methods, and kinetic constants for the initial stages are determined. 

Approaches to modifying and optimizing DTA, TGA and DSC instruments and 
techniques so that they can be used to study the kinetics of fast reactions are pro- 
posed. Due to the original design of the experimental cells, the sample heating is 
spatially isothermal in nature and self-inflammation is excluded. These methods 
are used to study the reaction mechanisms and to determine rate constants for the 
fast high-temperature decompositions of a number of homogeneous and heteroge- 
neous energetic materials, including nitrocellulose, ammonia copper chromate, am- 
monium perchlorate and ammonium perchlorate-based solid propellants. 

In most cases, both the mechanism and the kinetic constants for the reactions 
associated with the high-temperature decomposition of energetic materials are dif- 
ferent from those of low-temperature decomposition. It is important that the results 
from the theoretical analysis of the ignition and burning of the energetic materials 
studied, based on high-temperature experimental data, are in good agreement with 
experimental ignition delay periods and burning rates. 

Some aspects of the high-temperature decomposition of so-called volatile ener- 
getic materials (including liquid nitrates, highly concentrated H 2 O 2 , hydrazine and 
ammonium perchlorate) are considered. Two simultaneous volumetric processes are 
characteristic of the macrokinetics of high-temperature conversions of these com- 
pounds: irreversible decomposition and phase transformations under the conditions 
of thermodynamic equilibrium at the interface (evaporation in liquids or dissociative 
sublimation in ammonium perchlorate). For volatile energetic materials, the forma- 
tion of gas during their decomposition and thermal explosion is shown to occur in 
a different manner compared to nonvolatile energetic materials. Some instruments 
used to determine the kinetic parameters and critical conditions of thermal explo- 
sions of volatile energetic materials are described. Kinetic parameters of homoge- 
neous and heterogeneous decomposition (on the surfaces of construction materials) 
of highly concentrated FFCF and hydrazine are determined for wide temperature 
and reaction rate ranges. The correctness of the proposed thermal explosion theory 
for volatile energetic materials is confirmed by experimental data on the thermal 
explosion of highly concentrated H 2 O 2 . 

Most of the work included here is published for the first time. 


Berkeley, March 2008 


A.S. Shteinberg 



Foreword for Russian Edition 


The kinetics of thermal decomposition reactions in condensed systems are currently 
studied with classical isothermal methods for measuring the rates of rather slow 
processes. 

Modern experimental chemical physics methods used to study the kinetics of fast 
high-temperature gas-phase reactions are relatively well developed. They have been 
used in fundamental research for a long time, and the results from such studies have 
been successfully used for engineering applications. 

In contrast, the kinetics of fast high-temperature reactions in condensed systems 
have not been studied until recently due to a lack of appropriate methods and in- 
struments. This research area is of paramount importance to our understanding of 
a wide range of practically significant phenomena such as the combustion of poly- 
mers, explosives, blasting powders, and solid rocket propellants, decomposition, ab- 
lation, the erosion of heat shielding and construction materials under the impact of 
high-intensity heat fluxes, and the heating and decomposition of liquid propellants 
in rocket engine cooling systems. 

In chemical kinetics a transition from one temperature region to another is often 
associated with a change in the limiting stage of the overall chemical process. There- 
fore, estimating the reaction rates at high temperatures by extrapolating kinetic data 
for the low-temperature region obtained via classical isothermal methods inevitably 
results in major errors. For instance, in the thermal destruction of a typical ther- 
moplastic such as polymethylmethacrylate, extrapolating the low-temperature data 
yields the pyrolysis temperature of the burning polymer surface close to the temper- 
ature of the flame above the surface, which dramatically disagrees with the results 
of direct microthermocouple measurements. In contrast to gas-phase systems, the 
macrokinetics of the high-temperature transformations of many condensed materials 
are significantly affected by phase transformations (evaporation, sublimation). Due 
to low vapor pressures, these processes play a negligible role in the low-temperature 
region, but they become more important to the macrokinetics of the overall process 
as the temperature grows. 

Thus, experimental determinations of kinetic and macrokinetic parameters for 
high-temperature condensed-phase reactions are absolutely indispensable if we are 
to gain deep insights into fundamental aspects of chemical kinetics, as well as for 
numerous important technical applications. 


vii 
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This book deals with the analysis of the kinetics of high-temperature decomposi- 
tion of energetic materials under the conditions of spatially and temporally nonuni- 
form temperature and concentration fields; in other words, when heat and mass 
transfer play significant roles. This area of process kinetics was termed “macrokinet- 
ics” by its founders D.A. Frank-Kamenetsky, Ya.B. Zeldovich and N.N. Semenov. 

A.S. Shteinberg developed and tested a number of new methods and instruments 
for the quantitative study of the kinetics of fast high-temperature reactions in ho- 
mogeneous and heterogeneous condensed systems. The extremely broad range of 
the rates measured by the author (covering 13 orders of magnitude, from slow de- 
composition rates under long-term storage conditions to the rates corresponding to 
ignition and combustion) is especially noteworthy and important for substantiating 
and generalizing the conclusions. 

An important and unconditionally helpful feature of the book by A.S. Shteinberg 
(and one rarely encountered in scientific publications) is the way in which it com- 
bines theoretical and experimental parts, including descriptions of novel methods 
and instruments that were, for the most part, developed by the author. The book 
presents a large set of new data characterizing the high-temperature kinetics and 
thermal physics of many systems useful for technological applications, which means 
that the book can be considered a practical manual too. 

A.S. Shteinberg is internationally recognized as a scientist with an extremely 
wide range of research interests, and an author of many experimental and theoretical 
studies in the field of the macrokinetics of the combustion and decomposition of 
homogeneous and heterogeneous condensed systems. 

No similar books are available in the scientific literature, and this monograph 
will be helpful for undergraduates, graduate and postgraduate students, researchers, 
as well as engineers who have to deal with combustion and explosion phenomena 
and the high-temperature decomposition of condensed substances, materials, and 
structures in many aerospace, defense and civil applications. 


Prof. A.A. Berlin 

Full Member (Academician) of the Russian Academy of Sciences 
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Introduction 


Modern energetic materials include explosives, blasting powders, pyrotechnic mix- 
tures and rocket propellants [1, 2], The study of high-temperature decomposition 
of condensed phases of propellants and their components (liquid, solid and hybrid) 
is currently of special importance for the development of space-system engineering 
[3, 4], To better understand the burning mechanisms (stationary, nonstationary, un- 
steady) of composite solid propellants and their components, information about the 
macrokinetics of their high-temperature decomposition is required [5]. To be able 
to evaluate the ignition parameters and conditions of safe handling of heat-affected 
explosives, one needs to know the kinetic constants of their high-temperature de- 
composition. The development of new composite solid propellants characterized by 
high performance characteristics (high burning rates, high thermal stability, stability 
to intrachamber perturbations, and other aspects) is not possible without quantita- 
tive data on the high-temperature decomposition of composite solid propellants and 
their components [6]. 

The same reasons have resulted in significant theoretical and practical interest 
in the high-temperature decomposition of components of hybrid propellants. It is 
known that hybrid propellants have not been used very widely due to the low burn- 
ing (pyrolysis) rates of the polymer blocks in the combustion chambers of hybrid 
rocket engines. To increase the burning rates it is necessary to obtain information 
about their relationships to the corresponding kinetic and thermophysical proper- 
ties of the fuels. Thus, the study of high-temperature decomposition of composite 
solid and hybrid propellants is of primary importance due to the important role of 
decomposition-related processes in the ignition and burning of these fuels. 

The study of the high-temperature decomposition of the condensed phase of 
modern liquid propellants is important due to different reasons than those men- 
tioned above. The high-temperature processes that occur in the condensed phase 
during burning in liquid-propellant rocket engines do not play a very important 
role for most fuels (and oxidizers). However, the situation for processes that take 
place in intensively heated cooling systems and precombustion chamber nozzles of 
liquid-propellant rocket engines is completely different. This is particularly true of 
monopropellants (highly concentrated hydrogen peroxide and hydrazine), as well 
as some single-component organic nitrate liquid fuels (for example, propylene gly- 
col dinitrate). The study of the macrokinetics of high- temperature decomposition 
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Introduction 


and thermal explosion of monopropellants is very important due the ability of these 
materials to undergo spontaneous homogeneous and heterogeneous decomposition 
resulting in the release of a great deal of heat in liquid-propellant rocket engine sys- 
tems. In addition, quantitative data on the kinetics of the high-temperature decom- 
position of solid and liquid propellants are required for the development of express 
methods of evaluating the thermal stabilities of rocket propellants. 

When studying the kinetics of thermal decomposition at high temperatures, one 
normally considers relatively fast reactions to be characterized by a reaction time 
t T « [k(T)] ', where k is the reaction rate constant and T is the characteristic tem- 
perature. It is obvious that this time should be considered in relation to some phys- 
ical scale. In this case, the most reasonable scale is the characteristic transfer time 
[7], In the case of non-diffusion-limited thermal decomposition, the characteristic 
sample preheat time (f p = d 2 /a, where a is the sample temperature diffusivity and 
d is the sample diameter) can be used as a reference time at low temperatures and 
reaction rates t p <C f r . In this case, chemical reactions are spatially isothermal regard- 
less of the sign and magnitude of the thermal effect. If the system is characterized 
by active heat transfer, the sample temperature is also independent of time. 

When the temperature on the sample surface, 7s, is increased, or in the environ- 
ment that exchanges the heat with the sample, the decomposition macrokinetics is 
characterized by a significantly different pattern. In this case, the 7s -related reaction 
time decreases and r p « const ^ /(7s). At f p ss t r a thermal explosion takes place in 
the system along with an exothermic reaction. In the region above the thermal explo- 
sion initiation limit at f p f r (long before the sample is preheated and decomposed 
to a noticeable degree) ignition takes place in the zone adjacent to the hot surface. 

The theory of ignition and the transition from thermal explosion to ignition was 
first proposed by Zel’dovich [8] and then developed in greater detail by Merzhanov 
and coworkers. Processes of thermal explosion and especially ignition were shown 
to be characterized by a strongly pronounced nonisothermal spatiotemporal pattern. 
Because of this, none of the isothermal methods of classical chemical kinetics can 
be used to study high-temperature fast exothermic reactions. The state-of-the-art in 
this area was considered in our recent lecture at the 35th IPS [9]. 

In practice, anyone studying fast endothermal reactions (for example, processes 
accompanying the forced high-temperature destruction of polymers, such as the 
components of solid propellants or binders of ablative shields of space vehicles) 
faces similar significant difficulties. In this case, although the increase in temper- 
ature on the pyrolysis surface does not result in self-inflammation of the material, 
the temperature distribution within it is a function of time and spatial coordinates. 
Therefore, the attribution of the kinetics of the recorded thermal decomposition pro- 
cess to a certain temperature is very problematic. In this case, classical isothermal 
methods cannot be used for kinetic studies despite the absence of thermal explosion 
and ignition. However, even incomplete information (for example, a kinetic equa- 
tion for the reaction cannot be obtained) about the rate constants of high-temperature 
reactions and the effective activation energies obtained from purely macrokinetic 
data is of significant interest and importance. The theory of nonisothermal meth- 
ods of chemical kinetics originating from the classical works of Frank- Kamenetsky, 
Semenov, Zel’dovich and Merzhanov is based on this approach. 
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At the beginning of the studies considered in this book, the macrokinetic theory 
of linear pyrolysis did not exist and the experimental techniques were quite poor and 
could only be used within a very narrow range of parameters. In contrast, the ignition 
theory was quite well developed, but experimental ignition-based methods could 
only rarely be used to obtain data on high-temperature decomposition in condensed 
phases. Therefore, the kinetics of high-temperature decomposition of rocket pro- 
pellant components and compositions were only poorly studied. Data on the high- 
temperature decomposition of ammonium perchlorate (AP, the most commonly used 
oxidizer in modern composite solid propellants) and model and commercial poly- 
mer fuels of composite solid and hybrid propellants were not available. Experiments 
on the linear pyrolysis of AP and polymers were carried out using faulty devices 
and techniques (for example, the heater temperature was considered to be identical 
to the temperature of the pyrolysis surface). A few data on the high-temperature 
decomposition of components of composite solid propellants could be found, but 
there was no information on their high-temperature (>240-300°C) decomposition 
kinetics. This situation can be explained by a lack of corresponding experimental 
methods. Thus, the author had to face many challenges connected with theoretical 
and experimental aspects of the study of the macrokinetics of high-temperature de- 
composition of homogeneous and heterogeneous components of rocket propellants 
under the conditions of linear pyrolysis, ignition and programmed heating as well 
as those related to designing, manufacturing and testing new devices (and meth- 
ods). 

In terms of the general differences between high- and low-temperature decom- 
position of condensed materials, one should keep in mind that the transfer of the 
system from one temperature region into the other can be accompanied by a change 
in the limiting kinetic stage. Therefore determining the rate constants at high temper- 
atures by extrapolating from low-temperature data can result in very serious errors. 
Thus, the availability of experimental approaches for obtaining data on the kinet- 
ics of high-temperature fast decomposition of energetic materials in the condensed 
phase is of significant importance. 

For volatile explosives and monopropellants (including various secondary explo- 
sives such as dinitroxydiethylnitramine, Tetryl and single-component propellants 
belonging to the class of liquid organic nitrates), as well as for highly concentrated 
hydrogen peroxide, hydrazine and AP, the decomposition macrokinetics at low and 
high temperatures are significantly different, even though the kinetic mechanism 
does not change. In this case, all of these materials that are different in nature and 
properties are characterized by a common feature: their ability to sublimate with 
heat absorption in the condensed phase. Due to this ability, decomposition takes 
place simultaneously in the condensed and vapor phases (the process rates gener- 
ally differ markedly). At low temperatures the vapor pressure of, for example, HiCF 
is low, the evaporation rate is also low, and the compound can be considered to be 
nonvolatile. However, as the temperature increases, the situation changes dramati- 
cally. Depending on the boiling point (determined by the ambient pressure and the 
vapor pressure as a function of temperature) and the rate constants of reactions in 
the condensed and gas phases at this temperature, the compound can exhibit non- 
volatile explosive behavior or that of an almost inert liquid. The complex nature of 
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these phenomena has resulted in some contradictions between the explanations of 
the mechanism for inflammation and thermal explosions of volatile explosives pro- 
posed by Belyaev (“the flash takes place in vapors”) and by Merzhanov, Abramov 
and Barzykin (“critical conditions of thermal explosion are determined by kinetics 
of the condensed-phase reaction”). Since in rocket engines propellant decomposi- 
tion can occur over a wide range of temperatures and pressures, the effect of volatil- 
ity on decomposition (especially high-temperature) macrokinetics is of tremendous 
theoretical and practical interest. 

This book is devoted to analyzing the state-of-the-art and further progress in the 
field of the theoretical and experimental study of high-temperature fast reactions in 
the condensed phases of energetic materials (including modern rocket propellants 
and their components as well as some explosives and homogeneous blasting pow- 
ders). Comprehensive solutions for some important tasks are presented for the first 
time, since for many years these studies were “classified.” The book is written in the 
form of a monograph, in which a number of ideas and aspects are considered and 
developed from a certain point of view. A review of the relevant available literature 
and an analysis of all research directions in this field were not among the goals of 
the author. Therefore the list of references only includes papers directly connected 
to the topic of the book. 

Fundamental contributions in this research area were made by Summerfield, 
Williams, Beckstead, Brill, Kuo, Thompson, Waesche, Frank-Kamenetsky, 
Zel’dovich, Semenov, Belyaev, Merzhanov, Novozhilov, Manelis, Barenblatt, Berlin, 
Fortov, and others. 

The book can be considered the result of long-term cooperation between the 
author and researchers from the Semenov Institute of Chemical Physics (Moscow, 
Russia). The author is especially grateful to A.G. Merzhanov, one of the founders 
of the scientific school of nonisothermal kinetics, for his support. 

Important contributions to the design and manufacture of new devices for study- 
ing nonisothermal kinetics were made by Goncharov, Kochetov, Slutsker, Sokolova, 
and Shirokova. The author is grateful to Rusanova, Andreeva and Grigoryants for 
their help in preparing this book for publication. 
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Part I 

Study of Macrokinetics 
of High-Temperature Decomposition 
of Condensed Materials Under Spatially 

Noniso thermal Heating 



Chapter 1 

Theory of the Linear Pyrolysis 
of Condensed Materials 


Abstract Linear pyrolysis is the one-dimensional propagation of the reaction front 
in thermally decomposing condensed compounds. Numerous energetic materials 
and their components (polymer binders and oxidizers of solid rocket propellants, 
homogeneous blasting powders, explosives and others) decompose via linear py- 
rolysis under intense heating and burning. A theory of linear pyrolysis including 
analytical expressions relating the rate of linear pyrolysis (burning) to kinetic con- 
stants for the decomposition that occurs in a thin layer of the compound near its hot 
surface is presented. The conclusions of this theory are of significant importance to 
our understanding of processes such as the burning of solid rocket propellants and 
explosives, the ablation of space vehicle heat shielding, etc. 


1.1 Introduction 

Linear pyrolysis is the steady one-dimensional propagation of the thermal decom- 
position front in a condensed substance under conditions where heat is supplied by 
an external source. 

Schultz and Dekker [1] were the first to propose the use of this phenomenon to 
study the kinetics of the thermal decomposition of condensed materials. Recently, 
the interest of physical chemists in this approach has been growing [2, 3] (you can 
find a list of publications on linear pyrolysis in [4, 5]). 

In the experiments, a sample is pressed onto a heated hard surface kept at a con- 
stant temperature, Tq. The velocity of the motion of the sample towards the hard 
surface, U (equal to the linear decomposition rate) is measured. This method is espe- 
cially convenient for studying the thermal decomposition of gasifiable compounds. 

If at an instantaneous temperature of the hot surface of the compound, T$, its 
decomposition results in the formation of condensed products and it occurs with 
significant heat release, causing ignition (also termed “unsteady linear pyrolysis”), 
the kinetic constants can be determined from the values of 7s and the ignition delay, 
r lgn . Some results from the theoretical analysis of this process are presented in [6], 
while methods for its experimental study are discussed in Chap. 5. In this book, only 
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steady linear pyrolysis is considered (the word “steady” will be omitted from this 
point on for the sake of brevity). 

If the linear pyrolysis rates are lower than or equal to a limiting value (determined 
by parameters such as the force pressing the sample onto the heater, the sample’s 
cross-sectional area, and the ambient gas pressure), 7s can be considered to be equal 
to To without significant error. At higher rates of linear pyrolysis, 7s can be estimated 
provided that the rate of heat flux maintaining pyrolysis is measured along with the 
heater temperature and the linear pyrolysis rate. 

For most practically important compounds decomposing due to the volumetric 
mechanism [5, 7], the theoretical analysis of linear pyrolysis should result in an 
analytical expression connecting the linear pyrolysis rate, U, the temperature, 7s, 
and the kinetic constants. 

Fast linear pyrolysis of condensed material characterized by low values of ther- 
mophysical parameters under poor outward heat exchange can be described using 
a model of the linear decomposition of a semi-infinite continuum. In this case, the 
process takes place in the inner diffusion region [8], The effective activation en- 
ergy is equal to the half of the actual activation energy [7], Experimental data for a 
zero-order reaction can be analyzed using the Merzhanov formula [9] : 


ak()RT^ exp(— E /R Ts) 
E[(T s -T«,)^Q/2c\ 


( 1 . 1 ) 


where a and c are the thermal diffusivity and heat capacity, ko is the preexponential 
factor in the analytic expression of the Arrhenius law, R is the universal gas con- 
stant, E is the activation energy, 7L> is the ambient temperature, which is identical 
to the temperature of the opposite sample surface, and Q is the thermal effect of the 
reaction. 

At a low 7s, the linear pyrolysis of many compounds has been found experimen- 
tally to occur quite slowly (< 1 0 s m s 1 ) without sample distortion. In this case, 
the dependence of the linear decomposition rate, 77, on Ts is determined not only by 
the kinetic constants of the decomposition reaction and thermophysical parameters 
of the compound, but also by heat exchange parameters. Under these conditions, 
the supplied heat is dissipated into the environment due to heat emission from the 
sample’s lateral surface. The difference between the heat supply and heat dissipa- 
tion is determined by the degree of sample through-heating and by the heat released 
(absorbed) due to decomposition reactions in the preheat zone. 

Let us consider linear decomposition under significant heat losses (Fig. 1.1) and 
determine a criterion for transition from this regime to a region characterized by 
negligible outward heat dissipation (the semi-infinite continuum). Barzykin and 
Khudyaev [10] analyzed the influence of heat emission from the sample’s lateral 
surface upon unsteady linear pyrolysis (critical conditions for ignition). 

An exact analytical solution to the nonlinear partial differential equations that 
describe heat transfer in a two-dimensional region in the presence of a distributed 
Arrhenius heat source (semi-infinite plate and semi-infinite cylinder) cannot be 
obtained, even in the simplest case (for a zero-order reaction). Therefore only a 
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Fig. 1.1 To the problem 
solution (see the text for the 
explanations: a - for a 
semi-infinite plate, b - for a 
semi-infinite cylinder 



situation where the temperature gradient in the transverse direction is much lower 
than that in the longitudinal direction is considered (T' « T!. in the sample; in 
other words, when the thermal resistance is concentrated outside the sample near 
its lateral surface, and the Bio number, which is characteristic of the heat exchange, 
Bi = a 5/A << 1, where a is the coefficient of outward heat exchange, 8 is the 
characteristic size of the sample, and A is the thermal conductivity coefficient of the 
sample). 

At Bi > 1, the inaccuracy caused by replacing T = T(x,y) with T = T(x) can 
be eliminated by introducing an averaged temperature, T (according to the Frank- 
Kamenetsky method [8]). 

In this case, T should be replaced with T in the resulting solution presented 
below, which does not change the qualitative character of the obtained relationships. 

For a one-dimensional problem, the basic equation is 


d 2 T M dT Qk 0 f E \ 
dx 2 + 8 dx ac ^ \ RT J 


Bi 

S 2 


(T-T„) = 0 


(1.2) 


with the boundary conditions 


21=0 = T S , (1.3) 

21_ = 71 (1.4) 

where 8 is the half-thickness of the plate (or half-radius of the cylinder), the 
Michelson number M = U8/a, and Bi is the Bio number. 

Let us consider the following cases: 

- Thermoneutral reaction Q = 0 

- Reaction with low thermal effect 


Q 

c{T s -TJ) 


« 1 


- Reaction with high thermal effect 


(1.5) 


Q 

c(T s -T„) 


» 1 


( 1 . 6 ) 
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1.2 Thermoneutral Reaction 


In this case, the thermal conductivity equation is 


d 2 T MdT 
dx 2 5 dx 



T„) = 0 


with the boundary conditions (1.3) and (1.4). 
The solution for this equation is 


T = T„ + (7i-7’ 0O ) exp 



x 

8 


(1.7) 


( 1 . 8 ) 


The temperature distribution in the sample described by Eq. (1.8) is similar to the 
Michelson temperature distribution [11] 

T = T„ + (T S - r.)exp (~) • 

The difference in the exponents is associated with the effect of heat emission from 
the sample’s lateral surface. The temperature determined by Eq. (1.8) is denoted as 
7 m below. 

In the case of a zero-order reaction, the rate of linear pyrolysis can be estimated 
by using the following equation [9]: 


U = 



E 

R T{U,x) 


dx. 


(1.9) 


To calculate the integral, one can use the expansion of the exponential term ac- 
cording to the Frank-Kamenetsky method [8] and the power series expansion of 
T = T(x). This simplification, which is valid for small x, will be applied to solve 
this problem using other methods. Far from the limit x = 0, the kinetic function 
7'oexp(— E/RT) is close to zero. Thus, these simplifications do not cause significant 
errors in the final expression for the integral Eq. (1.9). 

Then, from Eq. (1.9), 


and 


U = 


2k (l 8\<T 2 exp(-E/RT s ) 


M = 


E(T S -T„)M\ 

(l + ^l+4Bi/M 2 J 

2k 0 8 2 RT 2 exp(E /RT S ) 


\ aE(T s - T") (l + v/l+4Bi/M 2 ) 


(1.10) 
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1.3 Reaction with Low Thermal Effect 


In this case, considering Eq. (1.2) in combination with inequality Eq. (1.5), one can 
assume that for the entire region 


MdT 
8 dx 


» 


Qk o 


ac 


exp 



Now, to solve Eq. (1.2), one can use the perturbation method on the assumption that 
the temperature profile and the pyrolysis rate for a reaction with low thermal effect 
are quite similar to those of a thermoneutral reaction (Fig. 1.2). In other words, 


T (x) = Tm{x) + 4 T (x) 


( 1 - 11 ) 


and 

M = M m + 4M, (1.12) 

where Mm is determined by Eq. (1.10). 

When Eqs. (1.11) and (1.12) are substituted into Eqs. (1.2) and (1.7) is subtracted, 
the result is 


d 2 AT MdAT 
dx 2 8 dx 


AM cITm 
8 dx 


, Qk o 

± exp 

ac 


E 

R{T m + AT) 




This can be rearranged using the approach applied in the case of a thermoneutral 
reaction. Taking into account that 


AT « 


RT 2 


(1.13) 


one can obtain the following equation with respect to AT: 


dx 2 


~ + J 

dx 


dx 

± Qko 

exn 1 

2 E N 

jexp 

ac 


v^R t S/ 




R7, 2 


1 + 4Bi/M^ x 

2 8 


EAT Bi 

x exp - — AT = 0 


RT 2 


8 2 


(1.14) 


Fig. 1.2 Temperature profiles 
in the sample for a 
thermoneutral reaction (1), an 
exothermic reaction (2), an 
endothermic reaction (3) 
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with boundary conditions 


^U = o, 

AT\ x ^ = 0. 


(1.15) 

(1.16) 


Equation (1.14) can be transformed into a linear one by using inequality Eq. (1.13) 
as follows: 

d 2 AT MdAT Bi M m 4M 

~—Al = ^ — (fs — I,*,) 


dx 2 8 dx 8 2 


8 2 


1 + r/l +4Bi/M| f f l + ,/l+ 4Bi/M \ 

2 exp - M " 2 6 


M X 


, Qk o / E \ 

± ^ eXP ( v R7 iJ £XP 


E(r s -7L) 1 + \/ 1+4Bi / M Ai 
R7^ M 2 5 


X 


(1.17) 


with boundary conditions Eqs. (1.15) and (1.16). After some rearrangement, the 
solution to Eq. (1.17) is 


AT = (Ts — Too) 


exp — M- 


1 + r/l+4Bi/M" 


- exp -M m 


l + y/l + 4Bi/M; 


2 

M X 


± 


0A: o exp(-£//?75) 

ac[P 2 — (M/<5)/3 -Bi/5 2 ] 

1 + y/l +4Bi/M 2 x 


exp — M- 


g I -exp(-/3x) 


(1.18) 


where 


P = ~ 


E(T S - Too) M m 1 + "\/l + 4Bi/M; 

R7 S 2 5 2 


It can be shown that the following relationships are always valid: 
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and 

§2p2 << 1 " ( 1 - 20 ) 

Combining Eqs. (1.8), (1.11), and (1.1 8) — ( 1 .20), one can obtain for the temperature 
profile in the sample 


T-T^ = (Ts — 7L.) exp -M 


, Q k o 

± — exp 


1 + \/ 1 + 4Bi/M 2 x ' 


" acp 2 


( E \ 

/ 

V 

exp 


1 + 1 + 4Bi/M 2 x 


g | -exp(-j3Y') 


Then one can obtain an approximate expression for (T$ — /'): 


T s -T = (Ts-T^M 


1 


\J 1 +4Bi/M 2 


2 5 

22ytoR7f5 2 exp(-£/R7s) 


X 

8 


acE[T s - L)M«(1 + y / l+4Bi/M 2 ) 

1 + \/ 1 + 4Bi/M“ QM m x 


= (Ts-r.)M- 


8 T c 8 


( 1 . 21 ) 


Now one can write an expression for the pyrolysis rate by using Eq. (1.9) and as- 
suming Mm ~ M for the second term on the right hand side of Eq. (1.21): 


U= 

ME 

and then one finds that 

M = 


k 0 8RT^e\p(-E/RT s ) 


(T S - E.) ( 1 + \J 1 +4Bi/M 2 j /2 f Q/c 


7' 0 5 2 R7’ s 2 exp(-E/Rr s ) 

aE 

(Ts — Too) 

' l + y / l+4Bi/M 2 ’ 

/2 TG/c 


(1.22) 


1.4 Reaction with High Thermal Effect 

This case can be considered in terms of two zones (Fig. 1.3): a reaction zone I 
and a preheat zone II. For zone I, the thermal conductivity equation term related to 
the first temperature derivative is usually neglected [8, 12]. In this case, this term can 
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Fig. 1.3 Sample zones: I, 
reaction occurs with a 
noticeable rate; II, preheat 
zone 


1 

1 

!*i 


X 

i 

i | 

ii 



T. Ti T . 


be taken into account under the assumption that it is approximately equal to that of 
the equation for a thermoneutral reaction. Then one can write a thermal conductivity 
equation as 


d 2 T MdT Qk 0 
dx 2 8 dx ac ^ 


E \ Bi 


— 


R T J S 2 

Integration of this equation over the interval 0 to x\ gives 


-^(r-r.)=o. 


(1.23) 


m 


X=X\ 



M 2 1 + ^/ 1 +4Bi/M 2 


<E_ 

X 2 


x [(T S - Toe ) 2 - (7i - 7L) 2 ] ± 2& ^ exp 


(1-24) 


-J-) 

R T S )' 


where x\ is the thickness of the reaction zone, q is the heat flow towards the end 
surface, and 7j is the temperature on the border between the two zones. 

To find q, one can use the heat-balance equation: 


(X c 

q = up [c(T s - r.) =F Q] + g J (T - T„)dx. 

0 

The contribution of the heat emitted from the lateral sample surface in the reaction 
zone to the overall heat loss is always much less than that of the preheat zone. 
Therefore, during the estimation of the overall heat loss, one can substitute T for Tm 
in the integral without causing significant error. Then 


and 


J (T-T„)dx=(T s 
o 


T^)M8 


■\J 1 +4Bi/M 2 — 1 
2Bi 


i 

A 


M 

5" 


{T S -Z.) 


\ + \J\ +4Bi/M 2 
2 



(1.25) 


(1.26) 


Let us consider the first two terms on the right hand side of Eq. (1.24): 
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Bi M 2 l + \/l+4Bi/M 


A 2 1 8 2 8 2 


[(T s -T^) 2 -(Ti-T^f 


M 2 

S 2 


= ^(r 1 -r.) 2 


'l + ^/l+4Bi/M 2 


2M 2 Q 

S 2 c 


(Ts-Z.)- 


-\J l+4Bi/M 2 


2 t 2c 


(1.27) 


Substitution of Eq. (1.27) into Eq. (1.24) gives 


dT\ : 
dx J 


M 2 ^ T J 1 + V 1+4Bi / M | ^2M 2 e 

8 2 1 1 2 T 5 2 c 




l + V l + 4Bi/M- g 
V ; 2 2c 


2GA 0 Rr 2 


±— ^ expf-AV 
flc£ F V R7 5/ 


(1.28) 


Equation (1.7) with boundary conditions Eq. (1.4) and T \ c t| = 7) is the energy 
equation for zone II. The solution of this equation is 


T = 7L + (7) — Tj) exp -M 


1 + \/ 1 + 4Bi/M 2 x — xt ' 


(1.29) 


from which 


dT 

t/x 


M 1 + y / T+4Bi/M 2 


(Ti-K.). 


Jt=jq 


If the temperature gradients on the border between the two zones are equal, 


M 2 

^(t-.-ta) 2 


' \ + \J i +4Bi/M 2 


M 2 ,, 

= ^(r 1 -r.) 2 


1 + -y/ 1 +4Bi/M 2 


2M 2 0 
5 2 c 




l + y 1 +4Bi/M G 




2GA(,R7; 2 
± — exp , 

flc£ F V R7j 


(1.30) 
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This gives 


M = 


koRT^d 2 exp(— £ /R7$) 


\ 


1/2 


ciE 


0 Ts ~ r.) ( 1 + yj 1+4B1/M 2 j /2 =F <2/2, 


(1.31) 


This is the most general expression. Relationship Eq. (1.22), when obtained using 
a perturbation method, gives an identical dependence for the linear decomposition 
rate. The difference in the coefficients before term Q/c is explained by the double 
series expansion of the exponential term. 

The resulting Eq. (1.31) can be obtained in a shorter (though less rigorous) way 
if the heat losses due to the warming-up of the sample and heat emission from the 
lateral surface of the sample in the first zone are neglected. In this case, the thermal 
conductivity equation (Eq. 1.23) for the first zone is 


d 2 T 

dx 2 


± 


Qko 


exp 



= 0 , 


while for the second zone it does not change. After mathematical manipulations sim- 
ilar to those performed for Eqs. ( 1 .24)— ( 1.30), and taking into account the equality 
of the heat flows at the boundary between the two zones, one obtains 


M 1 + y / T+4Bi/M 2 

J 2 


2 


(Ts~T„) 


M 2 

J 2 


(Ts-T„)- 


l + ,/l+4Bi/M- 



± 


2Qk 0 RT 2 

ex P 



Equation (1.31) also represents the solution to this equation. 


1.5 Analysis of the Basic Expression 
for the Linear Pyrolysis Rate 

Solution of Eq. (1.31) with respect to M results in a very bulky expression. It is more 
convenient to analyze the physical meaning of relationship (1.31) for two limiting 
cases: 

1 . High rates of linear decomposition (burning) and insignificant heat losses from 
the lateral surface; that is 
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2. Low rates of linear decomposition and significant heat losses; that is 


4Bi 


1 . 


(1.33) 


For the first case, one can obtain the Merzhanov formula (Eq. 1.1) under the as- 
sumption that Bi = 0, that no heat emission from the lateral surface occurs (for a 
first approximation). The rate determined by using this expression is denoted U*, 
and the corresponding Michelson number 

* U*8 

M = . (1.34) 

a 

Then, for the second approximation one can obtain 


M = M* 


L Bi 1 

V M* 2 1 =F Ql [2c— (7y — 7L)] ’ 


For a thermoneutral reaction this relationship can be written as 


(1.35) 


M = M* \ l — . (1.36) 

V M* 2 

Analysis of Eqs. (1.1), (1.35), and (1.36) leads to the conclusion that, at high rates 
of linear decomposition accompanied by insignificant outward heat losses, the de- 
pendence of the process rate on the surface temperature, the kinetic constants of the 
reaction and the thermophysical characteristics of the material is similar to that for 
semi-infinite continuum decomposition; that is 


The expression obtained for the second limiting case is especially interesting, since 
(as was mentioned earlier) the decomposition of a wide range of systems can occur 
quite slowly. 

Taking into consideration condition Eq. (1.33), one can obtain the following re- 
lationship from the basic Eq. (1.31) in the first approximation: 

M _ S'-koRTjexpi-E/RTs) 
aE(T s — 7L)\/Bi 

or, by using definition Eq. (1.34), 


M = 



Q 

2c(Ts — Toe) 
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For a thermoneutral reaction this expression can be written as 


M = 


M* 2 

x/bI’ 


Thus, for the dimensional pyrolysis rate one obtains 


SRTgk 0 exp{-E/RT s ) 

E(T s -T„)VBi 


(1.37) 


In this case, the dependence of the decomposition rate on the surface temperature is 
qualitatively different: 


' / ~ exp (-iC)' 

This is connected to the difference in the dependences of the reaction zone width on 
the process parameters. For the first case, the expression for the reaction zone width, 

rj’2 

Ai (accurate up to E ( Ts l T j , which can be assumed to be constant), is 

d- 38 ) 

In other words, Ai unrestrictedly increases as the process rate (the temperature) de- 
creases. In contrast, in the second case, the width of the reaction zone (accurate up 
to the same factor) is 



and is almost constant, since it depends only on the heat loss-determining size of 
the sample, 5, and the Bi number (the parameter determining the outward heat ex- 
change). Parameter is the characteristic depth of the preheat zone for a semi- 
infinite rod heated from the end [13]. The quantity corresponds to a decrease in the 
dimensionless temperature by factor of e. 

The comments presented above allow one to understand the physical meaning of 
expression Bi/M 2 . 

From expressions (1.38) and (1.39), one can see that 

/Bi _ Ai 
~M~ “ Aii' 

Under condition (1.32), the thickness of the reaction layer is significantly smaller 
than the characteristic thickness of the preheat zone. As the pyrolysis rate decreases 
(within the limits of condition 1.32), the thickness of the reaction layer increases, 
heat emission from the lateral surface is not significant, and the dependence of the 
process rate on the surface temperature is almost identical to that of the process 
occurring without heat losses from the lateral surface. 
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Under condition (1.33), the thickness of the reaction layer reaches its maximum 
value and remains constant upon decreasing the sample surface temperature (and 
the decomposition rate) due to its connection to the constant thickness of the preheat 
zone. 

Thus, as the surface temperature and the rate of linear decomposition decrease, 
the process of pyrolysis moves from the inner diffusion region into the inner kinetic 
region, which is characterized by identical macroscopic and actual kinetics for the 
decomposition reaction. 


1.5.1 Linear Pyrolysis of Thin (“Finite Length”) Samples 

Having solved Eq. (1.2) with boundary condition (1.3) and additional condition 

T | ( = Too, one can show that expression (1.1) can be used for the analysis of 

a 

limiting case (1.32) if /»— , while in the case of Eq. (1.33), Eq. (1.37) can be used 

8 

if /» In the case of the linear pyrolysis of a very thin sample, the expression 
VBi 

for the dimensional rate is 


IRTgko exp(— £ /R7$) 
E(T S -Too) 


(1.40) 


This relationship is of significant interest for the practical application of linear py- 
rolysis for studying process kinetics, since it does not contain the thernrophysical 
characteristics of a decomposing compound (it is very difficult to determine these 
characteristics for the high-temperature region). 

Figure 1 .4 schematically illustrates an experimental approach that can be used to 
study the linear pyrolysis of a thin sample (7s and 7T are the temperatures main- 
tained at the ends of the sample). Based on the similarity of the triangles, the thick- 
ness of the reaction layer. A, which corresponds to the temperature change of one 
Semenov interval, RT^/E, is related to the diminishing thickness of the sample, 
/, as 


A = 


Z 


R Tj 

E(T S — Too) ' 


(1.41) 



Fig. 1.4 Derivation of 
expression ( 1 .40) 
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Since the rate of linear steady propagation of the reaction front always equals the 
product of the reaction layer thickness and the rate constant of the volumetric reac- 
tion at the characteristic temperature, one obtains expression (1.40). 

Noting that, by definition U = —dl /cl/ for linear pyrolysis under quasi-steady 
conditions, one can integrate relationship (1.40) and obtain the expression for the 
time dependence of the sample thickness: 


l = lo exp 



where Iq is the initial thickness of the sample and 


to = 


E{T S -T U) E 

RTgk 0 eXP R T s ' 


(1.42) 


(1.43) 


Thus, despite the complicated nature of the experimental technique, the use of the 
linear pyrolysis-based experimental approach in combination with the analysis of 
the results using Eqs. ( 1 .40)— ( 1 .42) allows one to obtain data on the kinetics of the 
volumetric reaction without the need for data on the thermophysical characteris- 
tics of the material in the high-temperature region. These data are almost always 
unavailable. In addition, the limiting stage of the decomposition reaction (if the pro- 
cess occurs in the volume or on the surface) can be directly identified. In the latter 
case (evaporation, dissociative sublimation, etc.), the rate of linear pyrolysis does 
not decrease with decreasing sample thickness. 


1.6 Effect of Conversion Degree on the Linear Pyrolysis Rate 


In order to take burn-out during linear pyrolysis into account, one may write 


d~T MdT ± Qk 0 (p(tl) 
dx 2 8 dx ac 


— ) 
RT ) 


± ™^ exp( _^|_Bi (7 ._ T _ )=0 , 


(1.44) 


dr\ 

U — +&o<p(r))exp 



(1.45) 


with the boundary conditions ( 1 .3)— (1 .4) and 


'lU= 1 - f ls. (1-46) 

ilU = 0. (1.47) 


For the linear pyrolysis of a “finite” length sample, the boundary conditions for the 
cold end (x = l ) are 


T\ x=l = T^r)\ x=l =0. 
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Here rj g is the part of the unreacted compound that leaves the pyrolysis surface 
due to the physical process accompanying decomposition (for example disper- 
sion, which includes processes such as dissociative sublimation and evaporation 
that result in the partial loss of unreacted compound from the sample surface, or 
sublimation). 

The set of Eqs. ( 1 .44)— ( 1 .47 ) can be solved using methods similar to those ap- 
plied to analyze linear pyrolysis in the case of zero-order reactions (Sects. 1.1-1. 5) 
under the standard assumptions made for the analysis of condensed system burning 
accompanied by dispersion or sublimation [14, 15, 16, 17, 18]. 

After a number of mathematical manipulations (leading to bulky expressions 
omitted for the sake of brevity), one can write final relationships for M correspond- 
ing to two processes: 

linear pyrolysis in the case of the zero-order reaction [<p( rj ) = 1] accompanied 
by dispersion. 


^ 1/2 


J 8 2 RT 2 k Q exp(-E/RT s ) { 

aE 
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and linear pyrolysis in the case of the zero-order reaction [<p( rj ) = 1 — rj], 
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Expressions for the linear pyrolysis rates for the two modes that differ in terms of 
the conditions of outward heat exchange can easily be obtained from relationships 
(1.48) and (1.49) (Table 1.1). 

Joint analysis of the expressions for the linear pyrolysis rates (Table 1.1) allows 
one to evaluate the dispersion contribution into an overall rate of linear decomposi- 
tion for various volumetric reactions. 

At rj g « 1 Eqs. (50), (51) as well as (52), (53) and (54), (55) are identical; in 
other words, at significant dispersion (or at a very low burn-out in the surface layer) 
the linear pyrolysis rate does not depend on the reaction order. At insignificant dis- 
persion (rj g «1) the effect of the unreacted compound loss on the linear pyrolysis 
rate can be neglected for a zero-order reaction. In the case of first-order reaction (in 
general at n / 0, where n is the reaction order), the burn-out markedly influences the 
linear pyrolysis rate. Plots of the dimensionless rate of linear pyrolysis for zero-order 



24 


1 Theory of the Linear Pyrolysis of Condensed Materials 




1 .7 Effect of the Gas-Film on Linear Pyrolysis 


25 


Fig. 1.5 Plot of the relative 
rate of linear pyrolysis against 
the dispersion degree for a 
zero-order reaction (1) and for 
a first-order reaction (2) 


U/U* 



and first-order reactions against the dispersion degree are shown in Fig. 1.5 [U* is 
expressed by relationships (1.1) and (1.37) for linear pyrolysis occurring without 
dispersion in the case of zero-order reactions]. 

To conclude this section, the following general comment should be made: the 
macrokinetics of decomposition characterized by a simple (not self-accelerating) 
reaction mechanism and occurring during the “slow” linear pyrolysis of a sample 
on a smooth solid metal heater can be described in terms of a pseudo-zero-order 
(or similar) process. This can be explained by the continuous densification of the 
surface layer of the substance due to the force pressing the sample onto the heater. 
At high rates of decomposition (“fast” linear pyrolysis) accompanied by significant 
dispersion of the substance, the pressure between the sample and the heater (in stan- 
dard experiments, the applied pressure is usually in the range of one to a few atm; 
see Chap. 3) almost does not influence processes in the surface layer. These factors 
should be taken into account when estimating kinetic constants from experimen- 
tal data on linear pyrolysis. Analysis of experimental data in the case of fast linear 
pyrolysis with significant dispersion and minor densification of the surface layer by 
using the Arrhenius anamorphosis approach can result in an apparent increase in the 
kinetic constants Icq and E. The qualitative dependence of the linear pyrolysis rate 
on the degree of dispersion corresponding to linear pyrolysis under real conditions 
is shown in Fig. 1.5 as a dotted line. 


1.7 Effect of the Gas-Film on Linear Pyrolysis: Method 
for Calculating the Surface Temperature 

One of the most challenging tasks one has to face when studying the kinetics of 
the fast decomposition of condensed compounds is to determine the characteris- 
tic sample temperature. The latter must be dramatically different from the tem- 
perature of the thermostat used. For the kinetic analysis of slow linear pyrolysis 
(U <10 ^ m m s 1 ), the temperature drop across the heater— sample contact can be 
neglected assuming that Ts = Tq. However, for fast process (for example, the linear 
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pyrolysis of polymeric materials), the temperature of the hot plate, 7o, separated 
from the decomposing compound by a gas layer can significantly exceed the tem- 
perature of the pyrolysis surface, 7s. This effect was first mentioned by Cantrell 
[19], who analyzed the hydrodynamics of the gas layer and obtained the following 
relationship between its thickness, Z, and basic parameters of the process: 


f 3 n Up s gv g b 4 
\32 W 


1/3 


(1.56) 


where p s is the density of the solid compound, v g is the viscosity of the gas pro- 
duced by linear pyrolysis, b is the sample diameter, and W is the force pressing 
the sample to the heater. Cantrell showed that the heat transfer to the surface of 
the reacting compound occurs mostly due to conduction, estimated the T$ for the 
linear pyrolysis of solid carbonic acid at Tq ss 50°C, and found out that the temper- 
ature drop across the gas gap can be as high as 100°C. For his experimental and 
theoretical studies, Cantrell used data obtained by direct calorimetric measurements 
of the heat flow maintaining the linear pyrolysis and highly accurate thermophysi- 
cal parameters for carbonic acid gas. The results of Cantrell’s work were not used 
in subsequent studies of linear pyrolysis for compounds that are important from a 
practical viewpoint (specifically polymers). Most likely, this was usually caused by 
the lack of data on the thermophysical parameters, the viscosity and the composition 
of the gap-filling gas produced by linear pyrolysis. In addition, calorimetric equip- 
ment used for studying high-temperature linear pyrolysis experimentally is much 
more sophisticated than the experimental setup used by Cantrell. In fact, the appli- 
cation of high-temperature calorimetry eliminates some of the main advantages of 
the method based on linear pyrolysis: its simplicity and reliability. Therefore, the 
direct calculation of the pyrolysis surface temperature, 7s, using experimental data 
on the linear pyrolysis rate, U, at a certain temperature of the heater, 7o, is of great 
interest. A method of calculating this is given below. 

The equation for the balance of heat maintaining linear pyrolysis is 

X g T ^^=m[c s {T s -Tj ) + Q\, (1.57) 

where m = U p v is the mass rate of linear pyrolysis, A is the thermal conductivity of 
the gas produced by linear pyrolysis, and c s is the thermal conductivity of the solid 
compound. Substituting Eq. (1.56) into Eq. (1.57) and neglecting the temperature 
dependence of the thermophysical parameters of the gas in the first approximation, 
one can obtain 


„ M) 4/3 = f 32A 1/3 A g (7b — T$) 

W 1 / 3 \3nJ v 1 / 3 [c s (Ts — T„) + Q] ’ 


(1.58) 


where B = (W /SPoo+ l) -1 / 3 = const and S is the area of the linear pyrolysis surface. 

The situation of a weak dependence of 7s on increasing 7o and U at fast linear py- 
rolysis corresponds to a linear relationship between the left hand side of Eq. (1.58) 
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and Tq. A plot of W 1/<3 ( mb) 4 ^B against Tq is linear, and the approximate surface 
temperature can be found from the intercept on the x-axis. The slope ratio, !//, de- 
pends on the gross decomposition heat, the thermal conductivity and the viscosity 
of the gaseous reaction products. A linear increase in W~ l ^(mb) 4 / 3 B as the heater 
temperature, Tq , grows indicates a weak increase in the surface temperature, 7s, 
under these conditions. 

Assuming a weak temperature dependence of the thermal-conductivity coeffi- 
cient of the gas layer, one can determine a set of surface temperature values, Tsi, 
corresponding to a set of heater temperature values, Tq,, from the intercepts on the 
.r-axis made by straight lines of slope y/ drawn through the points with coordinates 
7bi (Fig. 3.11). 


1.8 Linear Pyrolysis Due to a Surface Mechanism 

The linear pyrolysis of compounds for which gas-producing decomposition occurs 
in the monomolecular surface layer is of some interest. Indeed, the first experiments 
on linear pyrolysis were carried out using solid carbonic acid [19] and ammonium 
haloids [20], which decompose and evolve gas according to a surface mechanism. 
This aspect is also important when analyzing the contribution of dissociative subli- 
mation to the macrokinetics of the high-temperature linear pyrolysis of ammonium 
perchlorate (see Chap. 3). The pyrolysis of condensed compounds with the limit- 
ing stage of decomposition (dissociation) on the surface is quite similar to equilib- 
rium sublimation. The macrokinetics of pyrolysis are not directly determined by the 
kinetic parameters of decomposition, while the characteristics of reaction product 
transport from the compound-heater contact zone are of significant importance. At 
high rates of linear pyrolysis, the role of the temperature drop across the gas layer 
becomes more important. In this case, one should use approaches similar to that 
presented above to determine the real values of 7s- The comparison of the charac- 
teristics of linear pyrolysis in the case of an equilibrium surface reaction with those 
of linear pyrolysis in the case of a volumetric reaction is of great interest. At low 
rates of linear pyrolysis (T$ ~ T „, ) , the removal of the reaction products from the hot 
zone does not affect the rate of decomposition in volume. The rate of linear pyroly- 
sis increases as the sample diameter increases due to a decrease in the outward heat 
loss and a corresponding increase in the reaction layer thickness: U ~ -4= ~ \Jb. In 
contrast, for systems with a surface equilibrium dissociation reaction, the reaction 
layer thickness does not depend on the sample size. However, the latter, which is re- 
lated to the characteristics of the hydrodynamic and diffusion-assisted transport of 
gaseous reaction products from the reaction zone, influences the rate of the overall 
process. In other words, the rate of linear pyrolysis decreases as the sample diameter 
increases. For the linear pyrolysis of a “finite length” sample (see Sect. 1.5), the rate 
of the process decreases with decreasing / for volumetric reactions, while for reac- 
tions with a surface mechanism it should remain constant. Taking these remarks into 
consideration, one can derive expressions connecting the rate of linear pyrolysis for 
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an equilibrium dissociation reaction with parameters characterizing the thermody- 
namics of “solid reagent -^gaseous products” reactions by making use of methods 
developed in the theory of transport processes in dispersion systems [21]. 

In the case of the practically interesting dissociative sublimation of ammonium 
salts with the formation of ammonia and acid, these expressions are 


and 


U 


Dry/A f AH \ 

pR'ljb 2 CXP V 2R7^J 
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(1.59) 


(1.60) 


where A is the preexponential factor in the expression for the equilibrium constant, 
c, is the coefficient of resistance in the Darcy law, AH is the dissociation heat, and r 
is the radius (effective) of the escape channel for the gas. 

Relationship (1.59) corresponds to a relatively low pressure of gaseous products 
from the thermodynamically equilibrium process, (A, «/k,). The reaction prod- 
ucts are eliminated from the reaction zone due to diffusion-assisted transport (D is 
the diffusion coefficient). Relationship (1.60) is valid in the case of relatively high 
Ps(Ps > P„o) for hydrodynamic transport of the reaction products. 
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Chapter 2 

Methods for the Experimental Study of 
the Linear Pyrolysis of Condensed Materials 


Abstract Original instruments for measuring rates of linear pyrolysis (the stationary 
one-dimensional propagation of the reaction front in condensed compound thermal 
decomposition) are described. Kinetic constants of the fast high-temperature de- 
compositions of polymers and inorganic materials (which cannot be obtained using 
isothermal kinetic methods) can be calculated from the experimental data provided 
by them. These instruments were used to study the burning mechanisms of modern 
solid rocket propellants over wide heating temperature ranges (up to 900 °C) and 
pressures (100 Pa-3 MPa). An instrument called the “chemical arc” is described for 
the first time. In the chemical arc, the high-temperature linear pyrolysis of solid pro- 
pellant components (polymer and oxidizer) occurs in the stationary burning mode 
under the influence of the flat flame of interaction between the gaseous products of 
linear pyrolysis. 


2.1 Equipment for Studying Linear Pyrolysis on a Hot Plate 
at Pressures P«>=0. 1 kPa-3 MPa 

A schematic of the LP- 1 installation used to study linear pyrolysis on a hot plate at 
pressures in the range 0.1 kPa-0.1 MPa is shown in Fig. 2.1. 

Hot plate 1 is mounted on copper rods 2 fixed on a bulky vinyl plate. The hot plate 
(heater) should be made of a material (metal or alloy) with a high melting point, 
such as nichrome, stainless steel or niobium. In some experiments (see Sect. ??), the 
heater and a sample were separated by a thin layer of mica (5-10 pm) to eliminate 
the catalytic effect of the heater material on the kinetics of the linear pyrolysis. 
A Pt/Pt-Rh thermocouple (50 pm in diameter) is spot-welded to the center of the 
heater (just above the sample). The sample (3) is fixed at the end of a steel cylinder 
4 which slides along a guiding Teflon rod 5 . The sample is pressed onto the heater by 
a load 6 which is connected to the steel cylinder ( 4 ) by a Capron thread that passes 
over a pulley fixed onto an axle. During linear pyrolysis, rotation of the pulley causes 
chopper 7, mounted onto the same axle as the pulley, to rotate. A conical gear with a 
mirror 10 for measuring low rates of linear pyrolysis is fixed to the other end of the 
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Fig. 2.1 Schematic of LP-1 
installation: 1, heater; 2, 
conducting rods; 3, sample; 
4 , sliding cylinder; 5, guide 
rod; 6, load; 7, chopper; 8, 
photodiode; 9, light source; 
10, mirror 



water 


axle. As it rotates together with the axle, chopper 7 modulates a light beam incident 
on photodiode 8, which is connected to a recorder. 

In installations utilized in earlier studies [1, 2, 3, 4, 5], linear potentiometers 
were used as recorders. However the potentiometer sensors were easily damaged 
because they reacted with the gaseous decomposition products. Under these condi- 
tions, the accurate recording of slight displacements is impossible. The application 
of the installation described above allows linear pyrolysis data to be recorded with 
the required accuracy and reliability for systems that are interesting from various 
points of view and which are characterized by a very wide range of decomposition 
rates (U ~ 10~ 3 — 10 _19 ms _1 ). 

When in operation, the installation is covered by an acrylic or thick glass 
dome. The inner space of the installation can be evacuated or filled with inert gas 
through a connecting pipe (the pressure in the installation is measured by a vac- 
uum manometer). Since the conducting rods are heated up to quite high temper- 
atures by passing an electric current through them (up to 10 3 A) and transferring 
heat from heater 1, the hollow output ends of the rods are cooled by circulating 
water. 

Installation LP-2, which was used to measure rates of linear pyrolysis under el- 
evated pressure, differs from LP- 1 due to the presence of a constant-pressure bomb 
containing the heater and the kinematic unit. A schematic of installation LP-2 is 
shown in Fig. 2.2. Sample 7 moves downward and is pressed onto a hot plate by 
ring loads 8 fixed onto cylinder 9. 

Since the temperature in the top part of the bomb rises up to 80-100°C 
during prolonged experiments, solid-state photodiode 1 is placed in a protective 
water-cooled double-walled copper container. In order to improve observations of 
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Fig. 2.2 Schematic of LP-2 installation: 1, photodiode; 2, chopper; 3. light source; 4, counterbal- 
ance; 5, conducting rods; 6, heater; 7, sample; 8, ring loads; 9, sliding cylinder 


the pyrolysis, the bomb is equipped with external lights and three windows at the 
level of the heater. 

In both installations, the sample is separated from the heater by a pivot screen (not 
shown in Figs. 2.1 and 2.2) which prevents the sample from being heated before the 
required temperature of the heater is reached. The experiment starts at the moment 
at which a thin wire holding the cylinder with the sample at a distance of 25-30 mm 
from the heater is burnt out. The pivot screen is moved away with a spike on the 
cylinder as the latter approaches the heater. 
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In the installations for studying linear pyrolysis described in the literature [2, 3, 
4, 5], the temperature was set by a voltage supplied to the heater from the outputs 
of a laboratory autotransformer. The main disadvantage of such a simple design is 
a significant decrease in the experimental data accuracy due to the instability of the 
heater temperature, which is caused by voltage fluctuations and convection currents 
in the vicinity of the heater (which are especially high at P„, > 0.1 MPa). To avoid 
this problem, a point-to-point control system (Fig. 2.3) is used to stabilize the heater 
at its point of contact with the sample in LP-1 and LP-2. 

Potentiometer PP-69, used as a setter, is connected to the thermocouple. An error 
signal amplified by the photogalvanic amplifier F-l 16 using relays R ] (RP-4) and R? 
(MKU-48) controls the current passing through the heater by periodically engaging 
a ballast resistance in the input circuit of the autotransformer. The heater is supplied 
with power by a welding transformer Tr 2 (12 V, lOkW) connected to the outputs 
of autotransformer Tri (LATR-1-9A) through its primary coil. Using the described 
design, the temperature at the center of the heater was kept constant (±2°C) up to 
850-900°C. 

To conclude this section, let’s consider a method for measuring the linear pyrol- 
ysis rate based on the use of noncontact optical arrangements in combination with 
all LP-type installations (LP-1, LP-2, LP-3, LP-4). During the study of “fast” linear 
pyrolysis ( U = 10 3 — 10 ’ms 1 ) (Fig. 2.3, left position of tumbler switch Si), the 
photodiode signal moves directly to the input of the electronic potentiometer KVT-2, 



Fig. 2.3 Schematic of the electric circuit for linear pyrolysis installations (see the text for 
explanation) 
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a b 

Fig. 2.4 Typical electronic recorder charts for linear pyrolysis obtained using a chopper (a ) and a 
light-spot system with a photocell fixed onto the recorder slide (b) 


which records a set of pulse signals (Fig. 2.4a). Each signal corresponds to the gap 
where the chopper passes between the light source and the photodiode. 

The average rate of “fast” linear pyrolysis can be determined with an acceptable 
accuracy using a preset speed of recorder chart motion and the “chopper scale in- 
terval” (which is equal to the perimeter of the fast pulley divided by the number of 
chopper gaps; for LP-1, this value is 0.78-2.35 mm, and for LP-2 it is 2.15 mm). 
Pulse signals appearing at equal intervals indicate a steady mode of the process. 

In experiments on linear pyrolysis with rates of 1 0 5 -10 9 m s 1 , choppers obvi- 
ously cannot be used (the pulse signals would be separated by time intervals in the 
range of dozens of minutes to dozens of hours). In this case, the process parameters 
are recorded by a light-spot recorder. A light beam (from a standard light source) 
is reflected by mirror 10 (Figs. 2.1 and 2.3) to a differential photocell fixed onto 
an electronic potentiometer slide. The photocell consists of two photodiodes FD-3 
connected in parallel. Its output signal is sent directly to the input of the recorder 
amplifier (in this case, the normal link between the rheochord and the recorder am- 
plifier is disconnected). 

This experimental setup is characterized by very high sensitivity and stability 
when recording the motion of the reflected light spot along a standard recorder 
chart (Fig. 2.4b). At a mirror-recorder distance of 1.2m (LP-1, LP-3, LP-4), 1 mm 
of travel by the recorder pen corresponds to the decomposition of a layer of the 
compound 6.0 pm thick. 


2.2 Equipment for Studying Linear Pyrolysis on a Bulky 
Heat-Conducting Block 

In experiments on linear pyrolysis, the use of a thin metal plate as a heater is con- 
venient in the case of fast decomposition. Studies of linear pyrolysis characterized 
by rates in the range of 1 0 6 - 1 0 9 m s 1 are of significant interest for determin- 
ing a correlation between the constants of decomposition in the volume and the 
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macrokinetic parameters of the process. At these rates, the surface temperatures of 
decomposing compounds (such as composite solid propellants) are within the range 
near to the upper limit of the temperature region that is characteristic of processes 
studied by classical isothermal methods of chemical kinetics. However, due to an 
extremely strong (Arrhenius) temperature dependence of the decomposition rate in 
this region, the temperature of the heater should be kept strictly constant. In this 
case, a thin metal plate cannot be used as a heater because of two reasons: it is 
difficult to keep its temperature constant (this problem can be solved by using more 
sophisticated thermostating systems; for example, proportional-plus-floating control 
systems), and the spatially nonisothermal temperature distribution along the heating 
plate surface. The latter is the more serious problem, and is caused by significantly 
different heat exchange conditions for the parts that are in contact with the sample 
compared to the parts that are not. To keep the temperature constant at all points 
on the heater surface, one can use a bulky heat-conducting metal cylinder and press 
the sample onto one of its ends. The cylinder is thermostated by a nichrome heating 
coil wound around its lateral surface. The application of metal bodies with high heat 
capacity and good heat conduction properties in contact with the sample was found 
to be quite efficient for studying the macrokinetics of fast reactions in condensed 
systems (Chaps. 4-8). A photo and a schematic of the LP-3 and LP-4 installations 
with bulky heat-conducting heaters are shown in Figs. 2.5 and 2.6. When perform- 
ing prolonged experiments on “slow” linear pyrolysis, four bulky aluminum heaters 
are fixed onto a single base plate for simultaneous experiments with four samples 
in installation LP-3. The heaters are equipped with autonomous systems of point- 
to-point control (Fig. 2.6) with galvanometric null indicators (bench galvanometers 
M-195 with built-in differential photocells). 

Experimental data on the linear pyrolysis of the four samples are simultaneously 
recorded by an EPP-09 eight-channel recorder with a set of four vertically mounted 
photocells on its slide (Sect. 2.1). Preliminary alignment of the mirrors that are kine- 
matically connected with the sample holders ensures that each light beam travels in 
the plane of the corresponding photocell. The cells are connected to input terminals 
1 , 3 , 5, and 7 via an internal switch in the recorder, while input terminals 2, 4 , 6 , 
and 8 are shorted. Thus the slide moves along the scale to a certain spot of reflected 
light, where the digitized experimental point is plotted. Then the slide travels back 
to the beginning of the scale to move again to the next spot of reflected light, etc. 

Experiments on the linear pyrolysis of doubly thermostated samples (see “Lin- 
ear pyrolysis of thin samples,” Sect. 1.5) were carried out using installation LP-4 
(Fig. 2.6). The temperatures on the upper (7s) and lower (7L) ends of a disk sample 
(10 mm in diameter, ss 5 mm thick) were kept strictly constant due to their contacts 
with a bulky heater (30 mm in diameter, 100 mm thick) and an aluminum container 
( 8 ) filled with a heat carrier (water or glycerin pumped through by the pumping 
unit of a U-10 ultrathermostat), respectively. The container connected to the ultra- 
thermostat with flexible tubing was fixed onto the upper part of the sliding cylin- 
der, which moved on a fluoroplastic guide in the same way as in installation LP-1 
(Fig. 2.1). 
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Fig. 2.5 Photo of the four-heater unit (without a casing) of the LP-3 installation 


2.3 “Chemical Arc” for Studying Linear Pyrolysis Rates 

for Composite Solid Propellant Components in Burning Mode 

It is very difficult to study the combustion mechanism of a composite solid pro- 
pellant. Gasification of the condensed phase of the burning material is a complex 
multistage process due to the heterogeneity of the system, the different decom- 
position kinetics of the combustible (fuel) and the oxidizing components, as well 
as the influence of reactions in the condensed and gas phases on the burning rate 
[6,7,8], 

To obtain more information and make conclusions about the combustion mech- 
anisms of composite solid propellants, one needs to use special methods that allow 
individual stages of the process to be studied while the effects of other stages can 
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precision potentiometer 



Fig. 2.6 Schematic of LP-4 installation used for pyrolysis of thin samples with double thermo- 
stating: 1 , heater unit; 2, resistance thermometer; 3, heating coil; 4 , thermojunction; 5. conducting 
bridge; 6, photovoltaic detector; 7, rheostat; 8 , aluminum container; 9, sample; Ri, R>. relays 


be eliminated, neglected or quantitatively evaluated. Methods of linear pyrolysis of 
samples on hot surfaces have mainly been used to study kinetics. However, they can 
also provide information on the macrokinetics of the individual stages of decom- 
position of composite solid propellant components under the conditions of purely 
thermal effects upon their condensed phases; in other words, without any influences 
from reactions between the components in the preheat zone and between products 
of the oxidizer and fuel gasification in the flame. 

The special methods can be exemplified by the so-called sandwich technique 
[9, 10, 11], based on the experimental study of the steady burning of a set of 
alternating layers of solid oxidizer and fuel. Analysis of the experimental data 
results in the quantitative evaluation of the effect of gas-phase reactions occur- 
ring near the oxidizer-fuel interface on the burning rate (this explains the princi- 
pal importance of the contact between the condensed phases of the components 
in this technique). The sandwich technique [10, 11] seems to be very promising 
since it represents a model of the two-dimensional steady burning of compos- 
ite solid propellants. In contrast with the sandwich technique and the “chemical 
arc” method described below, an “end-to-end” method based on unsteady burning 
[2, 11] (which was confused with the chemical arc method by Strunin and coworkers 
[12, 13, 14, 15]) has a number of serious drawbacks. In the end-to-end experiment, 
burning in the contact between the ends of the pressed-together oxidizer and poly- 
mer samples is observed. In this case, the burning propagates periodically in the 
radial direction parallel to the contact plane, and develops in a way that is identi- 
cal to that of a two-layer sandwich. At the microlevel, the burning is completely 
unstable, since the direction of burning front propagation changes stochastically, 
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and various zones of the contact are always burned out. Due to the periodic nature 
of the contact between the condensed phases, one cannot use Cantrell’s expres- 
sions (1.56) to calculate the geometry of the unsteady gas gap in the “end-to-end” 
technique. 

In order to study some important features of the burning mechanisms of model 
and real materials, one should use an experimental method that applies in the 
absence of contact (and interaction) between the condensed phases, where linear 
pyrolysis occurs due to the gas flame resulting from the reaction between the prod- 
ucts of linear pyrolysis. This is especially important when identifying the effective 
zone for catalysts of composite solid propellant burning. The simplest method that 
meets all necessary requirements is the chemical arc technique proposed by the 
author [16]. 

The chemical arc technique is quite efficient for measuring and comparing lo- 
cal linear pyrolysis rates under conditions of parallel burning of composite solid 
propellant components in the absence of contact between their condensed phases. 
These data can be used to determine general patterns for linear pyrolysis of com- 
posite solid propellants in the burning mode and to analyze some specific aspects 
of the burning mechanism (in particular, the role and “sites of action” of basic 



Fig. 2.7 Chemical arc installation. Schematic of the main unit (a): 1, frame; 2, static sample; 
3, moving sample; 4, sliding unit; 5, actuating screw; 6, clasp nut; 7, electromotor. Photo of the 
main unit (b) 
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catalysts in composite solid propellant burning). A basic schematic diagram and 
a photo of the main unit of the chemical arc system are shown in Fig. 2.7. In 
the chemical arc, the burning of fuel and oxidizer, which play the role of the 
“electrodes” (by analogy to the steady burning in the high-temperature electrical 
plasma discharge between the electrodes in an electric arc), is maintained due to 
the flame produced during the interaction between the pyrolysis products of these 
components. 

In chemical arc experiments, a fuel sample 2 (polymethyl methacrylate, PMMA, 
cast or pressed from a standard powder, 6 x 18 x 18 mm) was fixed in a static 
holder while an oxidizer sample 3 (ammonium perchlorate, AP, pressed from pow- 
ders of two size fractions: 315-160 pm and 90 |im in a 1:1 ratio) of a similar size 
was uniformly moved towards sample 2 by an electrical drive unit. 

Burning was initiated by means of a thin ballistite powder plate placed between 
the samples. The lateral surfaces of the samples were covered with a thin layer of 
nonflammable material beforehand. The velocity of the movement of the oxidizer 
sample, l/ mov , was set by the pitch and rotation frequency of the actuating screw 5 
(recorded by a special marker on the chart of the electronic recorder). 

For steady burning of the components in the chemical arc, the width of the gap 
between the burning surfaces, h, is constant, and U mov is related to the linear rates 
of burning (pyrolysis) of the oxidizer, U ox , and the fuel, l/f ue i, as 

Umov (ft) = U ox (h) +Ufa e i(h). (2.1) 

The values of h and Uf ue \(h) were recorded using a simple optical setup based on a 
Jupiter-3 lens system and a powerful lamp that provided a distinct shadograph of the 
gap on a graduated screen. Values of U ox (h) were calculated from data on U mov (h) 
and (/fuel (A) using Eq. (2.1). The steady mode setting time was in the range of 
15-25 s. As U m0 v increased, the gap width decreased, while U ox and t/f ue i increased. 
If the sample surfaces came into contact due to very high U mov , the chemical arc 
phenomenon transformed into a mode involving the periodic burning-out of an end- 
to-end system. The experimental results were analyzed in the form of plots with 
coordinates: 


t/fuel = t/fuelW, U ox = U ox (h), — = ^°^=/(/t). 

"hue! L lue I Yox 

In contrast to methods based on regular linear pyrolysis, the chemical arc technique 
does not provide information on the quantitative kinetic characteristics of the high- 
temperature decompositions of the components. However, this method does allow 
one to study linear pyrolysis under conditions maximally close to those that occur in 
the vicinity of the burning surfaces of composite solid propellants. Thus the chem- 
ical arc technique can be considered an auxiliary method for studying linear pyrol- 
ysis in the burning mode. The application of information obtained by the chemical 
arc technique is considered later (Sect. 3.3), where the study of the effect of using 
two combustion catalysts in a composite solid propellant on the burning rates of the 
individual fuel components is used as an example. 



References 


41 


References 

1. Committee on Advanced Energetic Materials and Manufacturing Technologies (2004) Ad- 
vanced energetic materials. Committee on Advanced Energetic Materials and Manufacturing 
Technologies, National Research Council of the National Academies, Washington, DC 

2. Chaiken RF (1962) J Chem Phys 37:2311 

3. Barsh MK, Andersen WH, Bills KW (1958) Rev Sci Instrum 29:392 

4. Bills KW, Mishuck E, Moe G, Schultz RD (1959) Combust Flame 3:301 

5. Chaiken RF, Andersen WH, Barsh MK (1960) J Chem Phys 32: 141 

6. Bakhman NN, Belyaev AF (1967) Combustion of heterogeneous condensed systems. Nauka, 
Moscow 

7. Manelis GB. Strunin VA (1971) Combust Flame 17:69 

8. Puchkov VM (1978) PhD thesis. Institute of Chemical Physics of URRS Academy of Sci- 
ences, Chernogolovka, Russia 

9. Bachman NN, Fibrovich VB (1970) Combust Flame 15: 143 

10. Price EW (1993) In: 30th JANNAF Combustion Subcommittee Meeting, Monterey, CA, USA, 
15-19 Nov 1993 

1 1 . Chorpening BT, Knott GM, Brewster MQ (2000) Proc Combust Symp 28:847 

12. Rybanin SS, Strunin VA (1976) In: Martynenko ON (ed) Heat and mass transfer. Nauka i 
Tekhnika, Minsk, p 30 

13. Strunin VA, Firsov AN (1977) Combust Explos Shock Waves 13: 1 

14. Korobeynichev OP (1971) (ed) Mechanism, kinetics and catalysis of thermal decomposition 
and combustion of ammonium perchlorate. Nauka, Novosibirsk 

15. Manelis GB, Nazin GM, Rubtsov YI, Strunin VA (2003) Thermal decomposition and com- 
bustion of explosives and propellants. Taylor & Francis, New York 

16. Shteinberg AS (1964) USSR Patent 30415 



Chapter 3 

Study of the High-Temperature 
Decomposition of AP and PMMA 
by the Linear Pyrolysis Method 


Abstract Experimental results from studying the kinetics of the high-temperature 
decomposition of ammonium perchlorate (AP) and polymethylmethacrylate 
(PMMA) using a radically improved method of linear pyrolysis are presented. The 
method used allowed kinetic data corresponding to high temperatures and reaction 
rates to be obtained (which cannot be done using classical isothermal methods). 
Patterns of the high-temperature decomposition of AP and PMMA that do not man- 
ifest themselves at low temperatures are characterized. The macrokinetics of the 
high-temperature decomposition of AP are shown to be strongly affected by dis- 
sociative sublimation at thermodynamic equilibrium, which yields ammonia and 
perchloric acid vapor. The activation energies of the high-temperature decomposi- 
tion of PMMA and some other polymers were found to significantly exceed those 
of the limiting stages of their low-temperature decomposition. As the temperature 
grows, the kinetic mechanism of polymer decomposition changes. Because of this, 
the burning of polymers occurs in the “third mode,” characterized by an almost 
constant pyrolysis surface temperature over a wide range of polymer burning rates. 
Original data on the pyrolysis of solid propellant components obtained using the 
chemical arc (in which the stationary high-temperature decomposition of polymer 
and oxidizer occurs under the influence of the flat flame of interaction between the 
gaseous products of their linear pyrolysis) are presented. The effects of Fe 203 and 
CuO (solid propellant combustion catalysts) on the rates of AP and PMMA linear 
pyrolysis are considered. 


3.1 Linear Pyrolysis of AP 

Despite numerous works on the combustion of composite solid propellants (for ex- 
ample [1, 2] and reviews collected in [3 J), the ignition and burning mechanisms 
for these systems have been largely unclear until recently. This is explained by the 
lack of reliable data on the kinetics of reactions occurring in the fuel condensed 
phase at high temperatures corresponding to conditions in the thin reaction zone 
adjacent to the surface. This situation has resulted in the development of a num- 
ber of speculative approaches for creating qualitative models of composite solid 
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propellant burning. They can be exemplified by the so-called “two-temperature pos- 
tulate” formulated by Schultz and Dekker [4], a theory of the thermal layer devel- 
oped by Chaiken [5], and others. Well-founded ideas about the burning mechanism 
of composite solid propellants were formulated based on new results (including 
ones obtained by the author of this monograph) in recently published papers (for 
example [6, 7]). 

Due to reasons given in the Introduction, neither data on the kinetic constants 
of the high-temperature decomposition of ammonium perchlorate (AP, the main ba- 
sic oxidizer) and typical binders nor even qualitative data on the macrokinetics of 
the process have been available. The study of the burning mechanism of a composite 
solid propellant is an extremely challenging task, since in real systems the decompo- 
sition of the individual components occur in parallel with interaction between them 
(which are complicated due to the heterogeneity of the condensed phase), dispersion 
and heat losses from the gas phase. 

Experiments described in the literature were carried out using mixtures contain- 
ing model binders and AP. Most of the data available corresponds to the burning of 
AP-polymethyl methacrylate (PMMA) mixtures (for example [2]). For this reason, 
we studied the kinetics of the high-temperature decomposition of model composite 
solid propellants using these two compounds. 

Experiments on the linear pyrolysis of AP were performed using installations 
LP-1, LP-2 and LP-3 and samples in the form of a cylinder (10 mm in diameter) or a 
plate (18x 16x3 mm) pressed from a standard commercial crystal powder at heater 
temperatures in the range of 280-1050°C (in some experiments, samples were made 
from specially prepared doubly recrystallized AP. However, since at Tq = const the 
scattering of the linear pyrolysis rate data for standard AP samples and specially 
prepared ones was less than 15% given the experimental accuracy, the main sets of 
experiments were carried out using standard commercial AP. 

Depending on Tq (and, to a lesser degree, on the sample thickness), linear pyrol- 
ysis occurs in two qualitatively different modes: with burning at Tq > 520-560°C, 
and without burning at lower Tq. At high rates of linear pyrolysis ( U > 1 0 6 m s 1 ) 
without burning, the evolution of gaseous products (brown nitrogen oxides) was 
observed, while a thin layer of white AP deposit formed on cold parts of the in- 
stallation (the latter formed due to the recombination of the products of equilib- 
rium dissociative sublimation). In the experiments on very “slow” linear pyrolysis 
(U < 1 0 6 ms’ 1 ), the formation of the AP deposit did not take place. 

First, let us consider the qualitative characteristics of AP linear pyrolysis without 
burning. In this case, the shape of the pyrolysis surface depends on the heater tem- 
perature, the linear pyrolysis rate and the ambient pressure. At To < 450°C (heater 
was Al/mica, see below) and U < 10 _6 ms“ 1 , the pyrolysis surface is slightly con- 
cave at atmospheric pressure and at P,„ = 4 kPa. At Tq > 480°C and U > 1 0 5 ms -1 
the pyrolysis surface becomes flat at atmospheric pressure and slightly convex at 
Fk <C 0.1 MPa. 

We were the first to study the catalytic effects of almost all previously used 
heater materials (more precisely, the oxides formed on the heater surface) on the 
rate of AP linear pyrolysis [8, 9]. The temperature dependencies of the rate of AP 
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Fig. 3.1 AP linear pyrolysis 
on a stainless steel plate at 
W/S = 0.1 MPa and 
Poo = 1CL 1 MPa with burning 
( 1 ), without burning (2), for 
unsteady linear pyrolysis (5); 
at Poo = 3 MPa with burning 
(3, 4) 


U, mm/s 



linear pyrolysis on stainless steel and platinum heaters as well as on a bulky alu- 
minum block (LP-4) and on a thin copper or mica interlayer (~ 10|dm) are shown in 
Figs. 3. 1-3.4. For samples brought into direct contact with copper, stainless steel or 
platinum heaters a significant increase in the decomposition rate is observed. On alu- 
minum or mica surfaces the process occurs with much lower (commensurable) rates 
at the same Tq. Taking into account the lack of a noticeable influence of aluminum 
oxide and silicon oxide on the low-temperature decomposition of AP [3], one can 
conclude that the effect of aluminum and mica hot surfaces on the linear pyrolysis 
rate is negligibly small. In other words, the macrokinetics of pyrolysis under these 
conditions is determined by the kinetics of the uncatalyzed high-temperature de- 
composition of AP. In addition, the shape of the AP pyrolysis surface indicates that 
volumetric decomposition dominates, at least at Poo = 0.1 MPa and U < 1 0 5 m s 1 . 


Fig. 3.2 AP linear pyrolysis 
on a platinum plate at 
Poo = 0.1 MPa and 
W/S = 0.1 MPa (I), 

0.4 MPa (2) 


U,mm/s 




T,° C 


600 500 400 
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Fig. 3.3 AP linear pyrolysis 
on an aluminum plate at 
/A, = 0.1 MPa and W/S = 

0. 1 MPa (i), Po, = 100 Pa and 
W/S = 0. 1 MPa (2), and on a 
copper plate at P x = 0. 1 MPa 
and W/S = 0.1 MPa (3) 


Fig. 3.4 AP linear pyrolysis 
on a mica interlayer at 
Poo = 0.1 MPa (i), 100 Pa (2) 
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Thus, the kinetic constants for the high-temperature decomposition of AP were de- 
termined from data obtained when using the mica interlayer (Fig. 3.4, curve 1). In 
this case, the temperature dependence of the linear pyrolysis rate can be described 
by the Arrhenius expression 


U = 2.5x 10 6 exp^— [mm-s *] . (3.1) 

In the temperature range corresponding to U = 10 9 — 10 5 ms -1 , the Bio number 

M 2 -5 -1 

was found to be almost constant (Bi = 0.6 ± 0. 15 and = 10 3 — 10 1 <C 1) [9]. 

4Bi 

In other words, volumetric decomposition occurs in the inner kinetic region (see 
Sect. 1.5), and the macrokinetics of linear pyrolysis is identical to the actual decom- 
position kinetics. The kinetic constants of the high-temperature decomposition of 
AP can be estimated using Eq. (1.37) with an accuracy that is acceptable for ap- 
proximate evaluation (as shown in Sect. 8.3, the high-temperature decomposition of 
AP is a two-stage process; Eq. (1.37) can only be used for approximate evaluation, 
since the activation energies of the two stages are equal). Thus, for known values 
of the temperature diffusivity, thermal capacity and decomposition thermal effect 
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(a = 5 x 10 -7 m 2 s -1 , c = 1.46Jg _1 K _1 , Q = 1.17kJg _1 ), the expression for the 
rate constant of the high-temperature decomposition of AP in the mode of linear 
pyrolysis is 


k = 5.9x 10 6 exp — j!^r^ [ s_1 ] • (3-2) 

Let us now consider the high-temperature linear pyrolysis of AP accompanied by 
burning. In the case of the linear pyrolysis of a sample on aluminum and mica hot 
surfaces, burning was observed at Tq = 530-550°C and U ~ 1 0 4 m s 1 . For a sam- 
ple on a stainless steel heater, ignition took place at approximately the same decom- 
position rate but at a lower heater temperature (7o « 500-5 10°C). 

If after the inflammation the sample was left motionless or was retracted from 
the heater, a pale yellow luminous deflagration flame was observed on the sample 
surface for a few seconds. The burning died out after a 1-2 mm thick layer was burnt 
out. After inflammation, the deflagration flame overheated the peripheral parts of the 
plate, which resulted in a sharp increase in the linear pyrolysis rate. However, in this 
mode, the temperature (To) dependence of the linear pyrolysis rate is much weaker 
than in the case of Tq < 500°C (in the mode of linear pyrolysis without burning). 

At the transition from Tq to 7s, the thickness of the gas film, Z, along with the 
corresponding temperature drop at U > 1 0 4 m s 1 should be taken into considera- 
tion. However, these characteristics cannot be estimated due to the lack of reliable 
data on the gas film composition. The upper limiting value of T$ may be determined 
from experiments with a sample strongly pressed onto a heater surface (the pressure 
W/S < 1 MPa), which minimizes the gas film thickness. In this case, the experi- 
mental points in the plot of U against 7T 1 are quite scattered (a region including 
36 points is shown in Fig. 3.5). However the range of Tq (540-580°C) corresponds 
to the pressure of the gaseous products of the equilibrium dissociative sublima- 



0.6 0.8 1.0 1.2 1.4 io 3 K _1 


Fig. 3.5 AP linear pyrolysis on a stainless steel plate with high W /S (for the determination of 7s 
for AP linear pyrolysis in the burning mode) without burning at W/S = Poo = 0.1 MPa (7), with 
burning at W/S = Poo = 0.1 MPa (2), with burning at W/S = 1.0 MPa, Poo = 0.1 MPa (the outlined 
region contains 36 points) (3), with burning at W/S = 0.1 MPa, P» = 3.0 MPa (4); data from [10] 
(5), [111 (6), [12] (7) 
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tion of AP, P sat [13]. The latter is close to the average pressure in the gas film, 
1 W 

P * P - + 2S- 


At high W/S, a dark (cool) spot surrounded by a luminous halo (due to the flame 
generated by the interaction between the gaseous pyrolysis products) indicated that 
endothermic sublimation plays a significant role on the sample surface. In the ex- 
periments on AP linear pyrolysis at PL, exceeding the atmospheric pressure, the 
samples inflamed and burned very rapidly. Typical experimental data obtained at 
Poo = 3 MPa are presented in Fig. 3.1. In the temperature range Tq = 700-1 100°C, 
the linear pyrolysis rate is constant [U = (8 ± 1) x ICE 3 ms -1 ] within the scatter of 
the experimental points. 

The mechanism of AP burning under an elevated pressure in the presence of an 
additional heat source is not discussed here (you can find information on this topic 
in [3, 6, 14, 15]). However, the AP linear pyrolysis rate (which is significantly higher 
than that of AP burning, U = 40 x 10 4 ms 1 . at 7L» 3 MPa) and its temperature 

dependence agree with modern ideas about the important roles of sublimation and 
dispersion in the high-temperature decomposition of AP in the burning mode. 

Based on the data presented above, one can estimate the deep decomposition con- 
stant of AP in the temperature range of 7s = 280-500°C using Eq. (3.2). At higher 
temperatures (7s > 550°C), the dominant role in the pyrolysis macrokinetics un- 
der the conditions of unhindered gas removal is played by dissociative sublimation 
(which yields NH3 and HCIO4) [13]. Reactions between the products of dissocia- 
tive sublimation above the AP surface lead to the appearance of a deflagration flame. 
This conclusion is in excellent agreement with the results from experiments on the 
lineal' pyrolysis of thin AP samples carried out using installation LP-4 [16]. 

Some features of the high-temperature decomposition of AP are also considered 
below, in Sects. 3.3 and 3.4, and in Chaps. 8 and 9. 


3.2 Linear Pyrolysis of PMMA 

Due to the wide application of polymeric materials in engineering, the kinetics 
of their thermal destruction has been studied in detail. So far, the kinetic mecha- 
nisms for low-temperature destruction in the volume that occur at relatively low 
rates (half-lives in the range from minutes to hours) have been characterized for 
polymers from various classes (see for example [17, 18, 19]). The application 
of physical methods (calorimetry, thermogravimetry, manometry and others) in 
combination with chromatography and mass-spectrometry has allowed a relation- 
ship between the destruction rates and the structures of the corresponding poly- 
meric systems to be established. The accompanying polymer thermal destruction 
chain-radical reactions have been thoroughly investigated. As a result of this re- 
search, a number of polymeric materials with enhanced service characteristics 
(thermal stability, radiation hardness, resistance to oxidative aging, etc.) have been 
developed. 
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However, the forced high-temperature decomposition of polymeric materials has 
been studied to a much lesser degree. This can be explained by some methodolog- 
ical difficulties (see Introduction) as well as by the novelty of this research area, 
which is mainly connected with space engineering. In this situation, the study of 
gross-process macrokinetics is more important than the characterization of reaction 
mechanisms for complex transformations of a polymer. Since polymers are used 
as components of composite solid and hybrid propellants, studies of the effects of 
high-temperature destruction macrokinetic parameters on polymer burning patterns 
are of special interest. 

In this case, the redundancy of data on the low-temperature kinetics of polymer 
decomposition can be illustrated by the following example. At T < 350°C, PMMA 
decomposition can be described as a first-order reaction (at rj > 0.2) with activation 
energy E « 1 65 kj mol 1 . By using corresponding expressions for the rate constant 
and Eq. (1.1), one can obtain the temperatures of the polymer surface, 7s = 800 and 
900°C, for burning rates in the range of 10 ’-10 2 ms 1 (since Eq. (1.1) is valid 
for decomposition due to a zero-order reaction, the temperature values obtained are 
the lower bound ones). In both cases, the estimated temperature values significantly 
exceed the real ones determined from, for example, microthermocouple measure- 
ments [20]. The application of the extrapolation method in order to estimate the sur- 
face temperature using kinetic equations of thermal decomposition [1, 21, 22, 23] 
leads to a similar result. This is because the influence of the effect of the gas-film on 
the accuracy of 7s determination is neglected. 

Thus, studies of the macrokinetics of the forced thermal decomposition of 
polymers in the linear pyrolysis mode using improved experimental and theoreti- 
cal techniques were of primary importance. In the experiments, samples of linear 
(thermoplastic) and crosslinked (thermosetting) PMMA were investigated. 

Pieces of standard Plexiglas were used as the linear PMMA samples, while 
crosslinked PMMA samples were specially prepared by the block polymerization of 
methyl methacrylate with the addition of 2 or 10% triethyleneglycoldimethacrylate 
(crosslinking agent). The crosslinked PMMA samples did not dissolve in acetone 
and dichloroethane and did not exhibit softening or melting during pyrolysis. 


3.2.1 Linear Pyrolysis of Thin (“ Finite Length”) PMMA Samples 
Under Double Thermostating 

As was mentioned in Sect. 1.5, the mechanism of decomposition (volumetric or on 
the surface) can be directly determined by linear pyrolysis experiments with “finite 
length” samples under double thermostating of the hot and cold surfaces. For the 
volumetric mechanism, the linear pyrolysis rate should decrease exponentially with 
time, while for the surface mechanism, U = const f f(t ) . For crystalline samples 
(for example AP or salmiac), the decomposition mechanism can be identified from 
the shape of the pyrolysis surface: concave in the case of the volumetric reaction of 
AP (at 7s < 500°C), or convex in the case of the dissociative sublimation of salmac 
at the surface. 
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In contrast to these inorganic salts, the shape of the high-temperature pyrolysis 
surface of the polymer (especially a thermoplastic one) can depend not only on the 
kinetic parameters of the process but also on the physicomechanical characteristics 
of the compound. Therefore, the macrokinetic mechanism of high- temperature poly- 
mer decomposition should be determined based on the parameters of the unsteady 
linear pyrolysis of “finite length” samples. 

The experiments were performed using installation LP-4 and PMMA samples 
in the form of thin discs (diameter d = 10~ 2 m, length Iq = (1.6-1. 8) x 10~ 3 m) 
at W = 10.3 N. The pyrolysis was stopped as soon as the sample length attained 
l = (0.4-0. 5) x 10 3 m, since further sample thinning meant that the temperatures 
at its hot and cold ends could not be kept constant with the required accuracy. 

Some typical plots of the sample length against time for crosslinked PMMA 
(10% crosslinking agent) are shown in Fig. 3.6. Since the pressing force does not 
influence the linear pyrolysis rate at To < 480°C, the temperature drop across the 
gas film can be neglected (7o = 7s). The /(f) dependencies (Fig. 3.6a) can be satis- 
factorily linearized in semi-logarithmic coordinates, which indicates the volumetric 
mechanism of the polymer decomposition. The kinetic constants of the overall lim- 
iting reaction can be estimated using Eqs. (1.42) and (1.43) describing the linear 
pyrolysis of “finite length” samples. The corresponding relationships are 


/ = l 0 exp(-t-tg(p), 


tg<P 


RT S 2 ko exp(— 7? /R7j) 
E(Ts — Too) 


(3.3) 

(3.4) 


where <p is the slope of the line in the semi-logarithmic coordinates (Fig. 3.6b). 

Analysis of the experimental data (partially shown in Fig. 3.6) in Arrhenius coor- 
dinates using Eqs. (3.3) and (3.4) is illustrated in Fig. 3.7. The resulting expression 
for the rate constant of crosslinked PMMA decomposition is 


/, mm 



lg / [/, mm] 



Fig. 3.6 Linear pyrolysis of crosslinked PMMA (installation LP-4, thin samples under double 
thermostating): (a) sample thickness versus time at 7L = 20°C and 7s = 389°C (7), 410°C (2), 
424° C (3), 431°C (4), 444°C (5), 463°C (6), 468°C (7), 481°C (8); (b) the same dependencies in 
semilogarithmic coordinates 
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Fig. 3.7 Kinetics of the 
high-temperature 
decomposition of crosslinked 
PMMA [analysis of data 
shown in Fig. 3.6 by using 
expression (3.4)] 


tg(p [cp.s- 1 ] 



k = io 12 - 5±1 ° exp 


43000 ±3000 
RT 


)[»-■]■ 


(3.5) 


3.2.2 Linear Pyrolysis of Cylindrical PMMA Samples 
in the Presence of a Gas Film 

In the experiments with samples of linear and crosslinked PMMA (I = 50 mm, 
d = 6-12mm), installations LP-1, LP-2 and LP-4 were used. As well as the heater 
temperature, To, the sample diameter, b, and the pressing force, W, were varied in 
the following ranges: b = (0.6-1. 2) x 10~ 2 m, W = 5-17 N. 

The experimental data are shown in Fig. 3.8 as a plot of \gU against T {) 1 (a 
coordinate system used in previous works on linear pyrolysis). In the studied range 
of Tq, Arrhenius linearization does not take place, and the degree of curve divergence 
increases with increasing To and U. This agrees qualitatively with ideas regarding 
the gas-film effect: the temperature drop across the gas film, AT = Tq-Ts, and its 
thickness, Z, increase with increasing U and b and decreasing W. 



0.9 1.0 1.1 1.2 1.3 T 0 \ 10 3 K 1 

a 



0.9 1.0 1.1 1.2 1.3 T~', 10 3 K _1 
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Fig. 3.8 The influence of the sample diameter, b, and the pressing force, W , on the linear pyrolysis 
of cylindrical samples of linear PMMA: (a) at b = 1.2 x 10~ 2 m and W = 16.5 N ( 1 ), 12.3 N 
(2) (points 2' correspond to the niobium plate), 9.9 N (3), 5.5 N (4)\ (b) at W = 16.5 N and b = 
1.2 x 10~ 2 m {!), 1.0 x 10~ 2 m (2), 0.8 x IQ- 2 m (5), 0.6 x 10~ 2 m (4) 
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Let’s analyze the data obtained from the viewpoint of flow hydrodynamics in the 
gas gap. In the theory developed by Cantrell, the influence of sliding on the pyrolysis 
surface on the gap parameters is assumed to be negligible. For crosslinked polymers 
(as well as for solid carbonic acid, AP and salmiac) this assumption is correct, while 
for linear PMMA special verification is required. 

According to the results obtained in [24], at 7o = const 

U ~ b~ n (3.6) 

at W = const and 

U ~ W m (3.7) 

at b = const, where n = 1 and m = 0.25. 

Analysis of the experimental data (Fig. 3.8) using the method illustrated by 
Figs. 3.9 and 3.10 results in n = 0.96 and m = 0.27, which is in a very good agree- 
ment with theoretical values [25], 

Due to the good agreement between the experimental results and theoretical 
relationships obtained upon analyzing the hydrodynamics in the gas gap, the depen- 
dence of the decomposition rate on the material surface temperature can be determined 
using the approximate method described in Sect. 1 .7. Data on the linear pyrolysis of lin- 
ear and crosslinked PMMA were plotted in ( mb) A ^W ~ 1 /3 -7o coordinates (Fig. 3.11). 
The thermal conductivity of the gaseous products of PMMA decomposition was as- 
sumed to be almost independent of the temperature. Upon reaching a certain value 
(520°C for linear PMMA and 600°C for crosslinked PMMA), 7s does not markedly 
increase as the heat-flux density and the linear pyrolysis rate increase. Under these 
conditions, the temperature drop across the gas gap is very high. 


U, mm/s 

0.75 



Fig. 3.9 Determination of m 
in expression (3.7) from data 
shown in Fig. 3.8a 


Fig. 3.10 Determination of n 
in expression (3.6) from data 
shown in Fig. 3.8b 
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Fig. 3.11 Determination of 
U (Ts) from data on U (To) 
for linear PMMA ( circles ) 
and for samples of 
crosslinked PMMA with 2% 
(multiplication symbols) and 
10% (crosses) crosslinking 
agent 


(mb) 4 ' 3 W~ m , 10V /3 s 2/3 



Fig. 3.12 Experimental 
relations for U(To) and 
U(T S ), calculated using the 
approximate method for the 
linear pyrolysis of linear and 
crosslinked PMMA 


U, mm/s 



Data on the linear pyrolysis of linear and crosslinked PMMA are presented in 
the Arrhenius anamorphism in Fig. 3.12 (the T$ values are determined from the data 
presented in Figs. 3.8 and 3.11 using the approximate method described above). The 
U (Tq) dependencies are also shown in Fig. 3.12 for comparison. 


3.2.3 Linear Pyrolysis of PMMA at Elevated Pressures 

In the experiments with flat samples of PMMA ( 3 x 18x30 mm) at W = 4 N, /L = 2 
and 5 MPa (N 2 ), T 0 = 450-700°C and U = O-l-Oimms' 1 , installation LP-2 was 
used. In order to be able to compare the results, similar experiments were performed 
at a normal pressure. 

At PL <2— 3 MPa and U = 0.1— 0.6 mm s 1 , steady linear pyrolysis was observed. 
The steady state of the process under the indicated conditions was also confirmed 
by special experiments performed at FL = 1, 3, 4 and 6 MPa. 
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Fig. 3.13 Linear pyrolysis of PMMA at LL = 0.1 MPa (7), 4.0 MPa (2), 5.0 MPa (no coke) (3), 
5.0 MPa (coke) (4), 4.0 MPa (coke) (5) 


At Poo > 4 MPa, 7’o > 600°C and U > 0.5 mm s -1 , a layer of a condensed coke- 
like pyrolysis product rapidly grows on the heater surface, resulting in fast overheat- 
ing of the plate. Under these conditions, the decomposition rate decreases (despite 
the overheating of the plate) due to the increase in the thermal resistance between the 
heater and the sample. At Poo = 4 MPa, the coke formation starts at higher To and U 
(640°C and 0.6 mm s 1 ) than atP,o = 5 MPa (600°C and 0.5 mm s -1 , respectively). 
Based on these data, one could suggest that the coke formation would be observed 
at Poo « 2-3 MPa and U ~ 1 mm s - 1 . However, this could not be verified experimen- 
tally because of the low capacity of the power transformer and the small volume of 
the constant-pressure bomb (the latter resulted in a disturbance of the steady process 
due to the heating of the sample with hot bomb-filling gas at high To). 

The experimental data are shown in Fig. 3.13 in the primary coordinates 

^U-T-'. 

At To = const, the increase in the external pressure almost does not influence the 
linear pyrolysis rate. At U = const, the temperature of the heater is lower at IT. = 
0.1 MPa (Fig. 3.13, points 1) than at IT = 4 MPa (Fig. 3.13, points 2). However, this 

— 1/3 

can be attributed to the gas-film effect, since the thickness of the gas film Z ~ P» ' 
[23]. Thus, for PMMA, the dependence of U on T$ is hardly affected by changes in 
Poo (at least over the range studied). 


3.2.4 Analysis of the Kinetics of PMMA High-Temperature 
Decomposition Based on Linear Pyrolysis Data 

Before discussing the results obtained, a general remark regarding methods for 
studying the linear pyrolysis of polymers should be made. 
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A set of experimental data on the pyrolysis of crosslinked PMMA (which does 
not soften or melt during decomposition under experimental conditions) is the most 
useful information for analyzing linear pyrolysis kinetics over wide ranges of Tq 
and U. The expressions of linear pyrolysis theory can be used to analyze the data 
covering the full temperature and the decomposition rate ranges. 

For fast linear pyrolysis ( U >0.1 mms" 1 ), the shapes of the thermoplastic poly- 
meric samples do not change due to the small thickness of the preheat zone and 
the high viscosity of the melt (the characteristic time of the “pressing-out” of the 
softened material is much higher than its pyrolysis time). 

For slow linear pyrolysis ( U <0.1 mms -1 ), the thickness of the preheat layer in 
the PMMA sample becomes comparable with its size (diameter). Under these con- 
ditions, the shapes of crosslinked PMMA samples do not change, while for linear 
PMMA samples, expansion of the hot end is observed when decomposition begins 
(the change in the sample shape remains constant during the linear pyrolysis pro- 
cess). This phenomenon was ignored in previous studies of linear pyrolysis. 

Thus, data on the fast linear pyrolysis of linear PMMA (that is, for a constant 
sample shape throughout the process) should be used for quantitative analysis. 

Let us consider the dependence of the crosslinked PMMA decomposition rate on 
the surface temperature (square points in Fig. 3.12). Three regions characterized by 
different dependence patterns can be distinguished. 

In region I (7s < 700 K, U < 3 x 10 2 mms 1 ), the relationship between the 


decomposition rate and the surface temperature can be described as U > 


( 


43000 \ 

R t s )■ 


In region II (7s = 700-860 K, U = 0.03-0.7 mms 1 ), the slope of the straight line 


\gU = IgO'o -4/7'v decreases by approximately a factor of two: LJ ~ ^ 


21000 \ 
R t s l 


In region III, the increase in U caused by the growth in the heater-generated heat 
flux density is not accompanied by a noticeable increase in the pyrolysis surface 
temperature. 

Since PMMA decomposition occurs in the volume (see Sect. 3.2.1), the 
expressions derived in Sect. 1.5 can be used to analyze the fast linear pyrolysis 
of semi-infinite samples. For cylindrical samples ( d = (6-8) x 1 0 1 m) at U and T$ 
characteristic of regions I and II, the Bio number was found from direct heat-flux 
density measurement data [25] to be 0. 3-0.4. According to Eq. (1.32), the transfer 
of the linear pyrolysis macrokinetics from the inner kinetic mode to the inner diffu- 
sion mode should take place at U s=s 4 x 10 2 nuns -1 , which is in a good agreement 
with the boundary between regions I and II (Fig. 3.12). 

Analysis of the data shown in Fig. 3.12 using Eqs. (1.1) and (1.37) resulted in the 
following values for the volumetric decomposition rate constant: 


k= 3.3 x 10 12 exp I — 


43000 \ 
R T ) 


for crosslinked PMMA 


(650 < 7s < 700 K, the inner kinetic mode; 700 < 7s < 860 K, the inner diffusion 
mode) and 
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k = 2.1 x 10 13 exp I — 


43000 \ 

R T J 


- 1 1 for linear (thermoplastic) PMMA 


(700 <T$ < 790 K, the inner diffusion mode). 


The rate constants obtained by the methods of linear pyrolysis of semi-infinite 
samples and thin films under double thermostating were found to be in a good 
agreement. 

In conclusion, let’s consider the results corresponding to region III (the so-called 
third mode of linear pyrolysis). The effective activation energy for the process (£ e ff) 
in this region cannot be determined by existing experimental methods based on lin- 
ear pyrolysis. However, approximate evaluation for linear and crosslinked PMMA 
yields £ e ff > 290-330 kJ mol -1 , provided that volumetric decomposition of PMMA 
occurs in region III. In this case, the preexponential factors are also believed to be 
quite high {ko > 10 20 — 10 24 s). 

One can suppose that these constants may correspond to a real process occur- 
ring in the polymer and may reflect the existence of a stage of mainly polymer 
bond breaking (among the entire set of parallel reactions). This randomly occurring 
process can be characterized by E e g- = 290-330 kJ mol -1 , which is very close to 
the C-C bond energy (290-330 kJ mol -1 ) [17]. It is reasonable that in the presence 
of parallel reactions with lower activation energies (E ~ 165 kJ mol -1 ), this stage 
only manifests itself at higher temperatures, in region III (the third mode of linear 
pyrolysis). 

The additional reason for the appearance of the third mode is the occurrence of 
dispersion at high temperatures. As was mentioned above (see Chap. 1, Fig. 1.5), 
dispersion should lead to a dramatic acceleration of the propagation of the front 
for a slight increase in the surface temperature. The content of dispersed particles in 
the products of PMMA pyrolysis has not been determined yet, though the dispersion 
phenomenon accompanying PMMA linear pyrolysis and burning has been observed 
in experiments [26]. The weak dependence of the total heat of polymer decompo- 
sition, Qs_ (see Chap. 4) on the linear pyrolysis rate (at least at U ~ 1 mms -1 ) may 
indicate that a change in the kinetic mechanism is an important cause of the appear- 
ance of the third mode. 

Results from studying the kinetics and products of methyl methacrylate monomer 
decomposition [27] also suggest a change in the PMMA thermal decomposition 
mechanism at temperatures of over 520°C. The rates of methyl methacrylate decom- 
position were found to be several orders of magnitude lower than those of PMMA. 
Thus, the abrupt change in the composition of PMMA linear pyrolysis products can 
be explained by a change in the initial polymer decomposition mechanism rather 
than by secondary reactions of gaseous monomer decomposition. 

Data on the constants for the high-temperature decomposition of PMMA, as de- 
termined by linear pyrolysis-based methods, are summarized in Table 3.1. Some 
literature data on kinetic studies of the low-temperature decomposition of PMMA 
performed by classical isothermal techniques are given in Table 3.2 for comparison. 
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Table 3.1 Kinetic constants of PMMA decomposition determined from linear pyrolysis data 


Polymer 

O 

o 

E, kJ mol 1 

lg£ 0 [fco, s '] 

PMMA 

450-520 

>530 

180 ± 12 
> 290-330 

13.3 ± 1.0 
22-23 

PMMA + 2 wt% 

triethyleneglycoldimethacrylate 

400-590 

>600 

180 ± 12 
> 290-330 

12.5 ± 1.0 
21-22 

PMMA + 10 wt% 

triethyleneglycoldimethacrylate 

400-590 

>600 

180 ± 12 
> 290-330 

12.5 ± 1.0 
21-22 


Table 3.2 Literature data on the kinetic constants of low-temperature PMMA decomposition 



Polymer 

U 

o 

E, kJmol 1 

lg£o [*o. s 1 

| Reference 

1 

Linear PMMA 

220-250 

130 

9.5 

[17] 

2 


226-256 

125 

8.6 

[IS] 

3 


290-340 

177 

12.5 

[26] 

4 


380-430 

180 

13.0 

[28] 

5 

PMMA + 2 wt% 

triethyleneglycoldimethacrylate 

310-360 

181 

12.1 

[26] 

6 

PMMA + 10 wt% 

triethyleneglycoldimethacrylate 

310-360 

182 

12.3 

[26] 


3.3 Linear Pyrolysis of AP and PMMA in the Chemical Arc: 
Effect of Combustion Catalysts 

The use of the chemical arc installation allows one to study the joint linear decompo- 
sition of fuel and oxidizer in the presence of the interaction flame. These conditions 
are similar to those occurring in the vicinity of the burning surfaces of composite 
solid propellants. 

In this section, experimental data on the linear pyrolysis of AP and PMMA in 
the chemical arc are discussed. Samples made from pure components as well as 
catalyst-containing (Fe 203 or CuO) ones were studied. The influence of Fe 203 and 
CuO on AP and PMMA burning in the chemical arc attracted the author’s attention 
for the first time in 1963 [29]. This aspect was later investigated in detail in collabo- 
ration with Benin and Rodin. The main results of those experiments are summarized 
in this section. 

The experimental data on the rates of pure AP and PMMA burning in the chem- 
ical arc are shown in Fig. 3.14. The ratio of the weight rates of PMMA and AP 
burning (E, = 0.30 ± 0.04) exhibits a weak dependence on the width of the gap be- 
tween the pyrolysis surfaces, h , within the range of 0.5-4 mm. The introduction of 
Fe 2 C >3 to AP (at concentrations as high as 4wt%) does not affect the burning rates 
of the components. In the chemical arc, the bright flame of interaction between 
the pyrolysis products was found to be much closer to the surface of the fuel than 
that of the oxidizer. At low velocities of the oxidizer sample moving (n mov ) and 
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Fig. 3.14 Rates of 
catalyst-free PMMA ( 1 ) and 
AP (2) burning (linear 
pyrolysis) in the chemical arc 
versus the width of the gap 
between the pyrolysis 
surfaces 


u, mm/s 



correspondingly at rather wide gaps, a pale flame of AP deflagration can be clearly 
seen near the AP surface (Fig. 3.15). 

Introduction of 4 wt% CuO into AP results in a dramatic increase in the burning 
rates for both components (Fig. 3.16). At h < 1.5 mm, the ratio of the weight rates of 
burning is still constant (tq ss 0.14). As the gap width is further decreased, a relative 
increase in the linear pyrolysis rate for the fuel is observed (at /z « 0.1 mm q ss 0.3). 
At 1% CuO in AP, the curves of U ox (h) and l/f ue i(/z) are cymbate, and the ra- 
tio of the weight rates remains constant and equal to 0.21 ±0.02 (Fig. 3.17). For 
the (PMMA + 5% CuO)-(AP) system, burning in the chemical arc is quantita- 
tively identical to that in the catalyst-free system. The introduction of Fe 203 into 
PMMA leads to an increase in its burning rate in comparison with the pure PMMA 
(Fig. 3.18), while the rate of AP burning is lower than that of the catalyst-free sys- 
tem. For the (PMMA± 1% Fe 203 )-(AP) system, q is equal to 0.44 ±0.03 in the 
gap width range indicated above. The increase in the Fe 2 C >3 content in PMMA from 
5 to 10% does not influence the efficiency of the catalyst. The data obtained for 
PMMA-AP system burning are summarized in Table 3.3. 

Based on the data obtained, some conclusions regarding the mechanism for the 
catalytic burning of the model solid propellant can be made. The qualitative scheme 
for transformations of the components while burning in the chemical arc is as fol- 
lows. The fuel (PMMA) gasification occurs via its linear decomposition due to the 


Fig. 3.15 Photo of AP ( 1 ) 
and PMMA (2) steady 
burning in the chemical arc 
(3, the gas gap; 4, diffusion 
flame from interaction 
between the gaseous products 
of PMMA linear pyrolysis 
and the products of the AP 
deflagration flame, 5) 
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Fig. 3.16 Rate of linear 
pyrolysis (burning) of the 
components of a model solid 
propellant in the chemical arc 
versus the width of the gap 
between the pyrolysis 
surfaces for the PMMA 
(f)-AP (2) system and for the 
PMMA (3)- AP + 4 wt% 

CuO (4) system 


U, mm/s 



Fig. 3.17 Rate of linear 
pyrolysis in the chemical arc 
versus the width of the gap 
between the pyrolysis 
surfaces for the PMMA 
(7)-AP (2) system and for the 
PMMA (3)- AP + 1 wt% 

CuO (4) system 


U. mm/s 
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Fig. 3.18 Rate of linear 
pyrolysis in the chemical arc 
versus the width of the gap 
between the pyrolysis 
surfaces for the PMMA 
(i)-AP (2) system, for the 
PMMA + 5 wt% Feo 03 
(3)- AP (4) system, and for 
the PMMA+ 10wt% FeiOr 
(J)-AP (6) 


U, mm/s 
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mix flame. In this case, the linear pyrolysis of PMMA was found to occur in the third 
mode (see Sect. 3.2). The linear pyrolysis rate is uniquely determined by the density 
of the heat flux arriving at the polymer surface at almost constant temperature. 

The products of PMMA linear pyrolysis undergo chemical transformations that 
are characteristic of fuels in standard gas flames (cracking, destruction, etc.) before 
they react with the products of AP gasification. 

The overall AP decomposition reaction is exothermic. At high pressures, AP 
can burn. When heated up to 200°C or affected by a high-rate heat flux, AP can 
inflame and deflagrate at atmospheric pressure [15]. According to a rough esti- 
mate, the heat-flux density arriving at a linear AP pyrolysis surface from the mix 
flame in the chemical arc always exceeds the minimum level required for stable AP 
burning at atmospheric pressure. Therefore (in contrast to the fuel), the rate of AP 
gasification in the chemical arc is only partially affected by the heat flux from the 
mix flame. The decisive role is played by the heat flux generated by the deflagra- 
tion flame and the heat released due to the reaction in the condensed phase of AP 
[6, 15, 30], 

Thus, the rates of PMMA and AP burning in the chemical arc are only influenced 
by the addition of Fe^Os and CuO if the former is introduced into the fuel and the 
latter into the oxidizer. Due to the hydrodynamic conditions for the flows of the 
gasification and burning products in the chemical arc, the catalyst is transferred to 
the mix flame from the fuel and oxidizer. Thus, one can assume that the changes 
in the PMMA and AP burning rates in the presence of Fe^Ch and CuO can be 
explained by the influence of Fe203 on processes occurring in the fuel before its 
involvement in the mix flame. However, this does not mean that the conditions in the 
mix flame are not affected by the introduction of the catalyst into the components. 
In the presence of Fe203 in PMMA or CuO in AP, the ratio of the weight rates of 
the component gasification changes. This results in a change in the component ratio 
in the mix flame, which leads to a change in its temperature. 

The thermodynamic flame temperature for Fe203 -containing PMMA was found 
to be approximately 500°C lower than that of the pure component burning in the 
chemical arc. For AP with CuO added, the thermodynamic flame temperature is 
350°C higher than that of the catalyst-free system (Table 3.3). 

Thus, the increase in the burning rate for the PMMA-Fe203 system takes place 
under the conditions of a decrease in the calculated temperature in the flame zone 
(Table 3.3). This can be explained by the movement of the flame zone closer to the 
PMMA pyrolysis surface. 

Taking all of these factors into account, one can suppose that Fe203 plays the 
role of a catalyst for gas-phase reactions between the primary products of linear fuel 
pyrolysis. These catalytic processes occur before the interaction between the de- 
composition products of the fuel and the oxidizer and lead to the formation of more 
reactive components. This supposition is indirectly confirmed by a number of data. 
For example, introducing various additives (including Fe2C>3) into some polymeric 
fuels (binders for solid propellants) was found to significantly change the chemi- 
cal composition of the fuel’s decomposition products [31]: the content of thermally 
stable compounds decreased, while the content of gaseous compounds increased. 
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The addition of some iron-containing agents (for example ferrocene) resulted in a 
marked decrease in the degree of coke formation and an increase in the yield of 
volatile products in diffusion flames. 

In the case of the introduction of Fe2C>3 into PMMA, the decrease in the AP 
burning rate can be attributed to the increase in the heat loss outward. This is caused 
by a reduction in the shielding effect of the interaction flame when its temperature 
decreases due to the change in its component ratio. 

The catalytic behavior of FerC^ was studied by probing the condensed and gas 
phases of the AP-PMMA system with a thermocouple [32, 33, 34], Fe2C>3 was 
found to exhibit its highest catalytic activity in the near-surface layer of the con- 
densed phase (the reaction layer of the condensed phase and the adjacent layer, 
~ I 0|im, of the gas phase). 

Introduction of CuO into the oxidizer leads to an increase in the burning rate for 
AP and PMMA (some observations suggest that when it is added to PMMA, CuO 
is reduced by the products of the linear pyrolysis of PMMA before it reaches the 
mix flame). Thus, in contrast to Fe203, CuO promotes AP gasification and does 
not affect PMMA gasification under the conditions of fuel and oxidizer burning 
in the chemical arc. CuO was found to be an efficient catalyst for AP thermal 
decomposition, linear pyrolysis and burning (see Sect. ?? and [2]). In the burn- 
ing of the (PMMA)-(AP+CuO) system, the increase in the PMMA gasification 
rate can be explained by the increase in the flame temperature. Such an increase 
takes place because the component ratio in the burning zone for the system with 
the catalyst (see Table 3.3) is more stoichiometric than that in the catalyst-free 
system. 

Introduction of the Fe203 and CuO additives into a model solid propellant results 
in an increase in its burning rate [2]. However, Fe203 and CuO influence the solid 
propellant burning rate in different ways (as found using the chemical arc experi- 
mental method). Fe203 affects reactions between the primary products of PMMA 
gasification, while CuO accelerates the linear pyrolysis of AP. 

The influence of Fe203 on the gas-phase kinetics is indirectly confirmed by the 
stronger pressure dependence of the Z c parameter (equal to the ratio of the burning 
rates for a catalyst-containing system and a catalyst-free one under identical condi- 
tions [2]) for the (80% AP)-(20% PMMA+Fe203) system in comparison with the 
CuO-containing fuel [2], As the pressure grows from 1 to 8 MPa, zf e2 ° 3 increases 
by 50% while Z^ u ° increases just by 30%. 


3.4 Macrokinetics of the High-Temperature Decomposition 
of Solid Propellant Components in Linear Pyrolysis Mode 

The analysis of the experimental and theoretical data presented in Chaps. 1-3 allows 
one to draw some general conclusions and to compare them with literature data 
published after our studies of linear pyrolysis. 
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3.4.1 Ammonium Perchlorate 

The limiting stage of AP linear pyrolysis is decomposition in the condensed phase 
with activation energy E « 1 25 Id mol *, which is in a good agreement with the 
values obtained in [6, 35, 36, 37]. Low (and even negative) values of the activation 
energy obtained in earlier works on linear pyrolysis [5, 38, 12] can be attributed to 
some technical aspects (neglect of the temperature drop across the gas gap, catalytic 
action of the heater material, and others). 

When the temperature of the AP surface exceeds 500°C, the contribution of ther- 
modynamically equilibrium dissociative sublimation (which determines the result- 
ing degree of conversion on the material surface, % ) becomes more significant. The 
content of unreacted AP in the condensed phase among the linear pyrolysis prod- 
ucts increases. This leads to the formation of a highly calorific and combustible 
gas mixture (consisting of perchloric acid vapor, ammonia and products of the irre- 
versible decomposition of AP) near the phase interface. For AP burning at pressures 
of 0.05-0.5 MPa, the surface temperature of AP is mainly determined by the gasifi- 
cation of some of the compound as it undergoes equilibrium dissociation [39, 40], 
However, in this case, the burning rate depends on both the kinetics of the gas-phase 
reactions and the kinetics of the processes in the condensed phase accompanied by 
dispersion [15]. During linear pyrolysis, as well as when burning occurs, very high 
degrees of material decomposition can be attained (in the limiting case, rjs — > 1). 
Because of this, one can use data on the temperature dependence of the decompo- 
sition rate constant obtained by linear pyrolysis in order to analyze the mechanism 
of composite solid propellant burning (for example, to estimate the degree of con- 
version of the oxidizer in the reaction layer of a composite solid propellant). On the 
other hand, some additional data on the formal kinetics of high-temperature decom- 
position, <p ( 77 ) , are required to determine the actual value of r)s(which would for 
example clarify the contribution of dissociative sublimation to the overall process). 
These data cannot be obtained by linear pyrolysis, which represents a “discrete” 
method [41], Some nonisothermal kinetic techniques can provide the required in- 
formation about the formal kinetics and the effect of pressure on the macrokinetics 
of the high-temperature decomposition of AP (see Chap. 8). 


3.4.2 Polymethylmethacrylate 

According to the linear pyrolysis theory, the linear decomposition of PMMA (in 
qualitative agreement with theory) occurs in one out of the three regimes: the in- 
ner kinetic mode (dominated by outward heat losses), the inner diffusion mode (no 
heat losses) and the so-called third mode (similar to the second one, but with sig- 
nificantly higher kinetic constants E and ko). Since the linear pyrolysis rates are 
quite high in a solid-propellant rocket engine, and the influence of the outward heat 
loss from the decomposing fuel can be neglected, the second and especially third 
decomposition modes are of practical interest (studying the linear pyrolysis by the 
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method described in Sect. 1.5 using installation LP-4, see Fig. 2.7, is of special in- 
terest from a pure kinetics viewpoint). At 7s > 800-850 K, a change in the kinetic 
mechanism of PMMA (linear and crosslinked) decomposition accompanied by an 
increase in ko from 10 12 -10 13 s _1 to 10 21 -10 23 s _1 and higher and in E from 180 
to 290-330 kJ mol” 1 was found to take place. Therefore, the extrapolation of data 
obtained by standard kinetic methods in the low-temperature region (used for the 
analysis of polymer burning) should be performed very cautiously. There is every 
reason to believe that at low temperatures the relative content of the polymer that 
decomposes with such high ko and E is negligibly small. However, as 7s increases, 
the content of this polymer in the system grows and approaches 100%. 

The third mode is characterized by a high activation energy, close to the energy 
of main-chain C-C bond rupture. This allows one to assume that the third mode of 
PMMA linear pyrolysis (and the corresponding kinetic constants) should be char- 
acteristic of the linear pyrolysis of other polymers used as fuels in composite solid 
and hybrid propellants. From a kinetics viewpoint, this supposition is related to the 
change in the mechanism of polymer molecule decomposition when random bond 
opening becomes the dominant stage in the chain process. The experimental results, 
which show a weak pressure dependence of the rate of polymer linear pyrolysis, 
agree with this idea. These conclusions [42] allow one to explain the following gen- 
eral patterns that are characteristic of a number of polymers that differ significantly 
in terms of their structures and constants of low-temperature decomposition: 

a) Comparatively low 7s (measured by placing microthermocouples into the burn- 
ing polymer) at linear burning rates U « 10 3 -IO 2 ms -1 [26, 43], Here 7s = 
560°C when calculated from experimental data on the pulsed linear pyrolysis of 
PMMA at U ss 0.1 -0.2 ms 1 in the chamber of a pulsed plasma electric propul- 
sion [44, 45]. 

b) The so-called Sreznevsky law for burning spherical polymer particles [46]. This 
law (a linear reduction in the spheres’ surface area as a function of time) is valid 
only for insignificant variations in 7s over a wide range of the pyrolysis rate 
which increases as 

U ~ (dl - k : f) _1 , 

where do is the initial sphere diameter, t is the time, and K is the Sreznevsky 
constant. 

c) Insignificant influence of TL on the rate of hybrid propellant burning, which can 
be explained purely by heat exchange factors. 

The ideas about the high-temperature decomposition of polymers formulated above 
were later clearly confirmed in [28, 47, 48, 49, 50, 51, 52, 53]. In these works, the 
number of studied polymer classes was significantly expanded. Also products of 
their decomposition were analyzed. The decomposition of polymers was investi- 
gated by isothermal methods over a wide range of pressures and for temperatures 
of up to 500°C (for PMMA). The decomposition rate was found to be almost in- 
dependent of the pressure in the range of /L = 0.03-5 MPa for PMMA, synthetic 
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rubber (divinyl and isoprene) and polyethylene [52]. The change in the main de- 
composition stage for the mentioned polymers was demonstrated by an increase in 
the activation energy and by a dramatic change in the gaseous product composition. 
In our opinion, this is the most significant result. A summary of the data on the 
constants characterizing various independent parallel reactions of high-temperature 
polymer decomposition, as obtained by Reshetnikov [27], are presented in Table 3.4. 
These data are in good agreement with the data obtained for PMMA by the linear 
pyrolysis method. It is interesting that the kinetic constants for the second reac- 
tion are quite similar for all polymers, even those that are significantly different 
in nature (£02 ~ 10 23 — 10 24 s _1 , ~ 330-350 kj mol 1 ). The kinetic constants for 

the first (low-temperature) reaction are drastically different (koi « lO^-lO^s -1 , 
E i « 175-280 kJ mol -1 ). The difference between the k\ ( T ) values at similar values 
of kiiT) determines the difference between the temperatures at which the mecha- 
nism changes (7(h), which can be considered the temperatures at which the third 
mode of linear pyrolysis begins (7^°). The corresponding values of 7(h estimated 
from the data in [27] using the obvious relationship A'i(7’ c h) = kxiT^) are shown 
in Table 3.4. T c ™ Ma = 550°C is in good agreement with the value obtained above 
(520°C, see Sect. 3.2.2). Thus, the decomposition macrokinetics for polymeric fuels 
(used in hybrid propellants) are completely determined by the rate of heat transfer 
from the flame and by the ko 2 and /A. The macrokinetics of the high-temperature 
decomposition of fuels used as binders in composite solid propellants are completed 
by reactions in the condensed phase such as the decomposition of the oxidizer and 
heterogeneous processes in the fuel-oxidizer system (see Chaps. 5 and 9 and [54]). 

If the third mode characterized by 7g = 7A is assumed to be a special feature 
of linear pyrolysis at polymer burning, an important conclusion regarding polymer 
burning in the combustion chambers of hybrid rocket engines can be made. In this 
case, the burning rate should weakly depend on the kinetics of high-temperature 
polymer decomposition and be mainly determined by the thermophysical and ther- 
modynamic parameters that dictate the heat balance for linear pyrolysis. The general 
heat-balance equation for the surface of the burning hybrid propellant block is 

9 gP h = mQx, 

where t/gph is the density of the heat flux from the gas phase onto the linear pyrolysis 
surface, m is the weight rate of the linear pyrolysis (burning), and Qx is the total heat 
of polymer gasification in the linear pyrolysis mode. 


Table 3.4 Kinetic constants of the high-temperature decomposition of polymers [27] 



Polymer 

koi.s 1 

£l,kJmol 1 

koo, s 1 

£2.kJmol 1 

II 

E-h* 

1 

PMMA 

1.2 x 10 13 

178 

1.1 x 10 23 

335 

550 

2 

Synthetic divinyl 
rubber 

1.0 x 10 16 

260 

4.5 x 10 23 

360 

400 

3 

Synthetic 

isoprene 

rubber 

1.4 x 10 15 

220 

10 24 

355 

515 

4 

Polyethylene 

2.2 x 10 19 

280 

2.5 x 10 23 

350 

610 
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The unimportant role of the kinetic factors is explained by the fact that they 
only influence r s m , which contributes insignificantly to the total gasification heat 
(2i = AH + c s ( T<! 1 1 — Too), where AH is the thermal effect of high-temperature de- 
composition and c s (7’ s m — T„) is the heat of warming-up. 

The degree of reliability of this conclusion is of special interest when attempting 
to understand the mechanism of polymer burning and when developing methods for 
increasing the rate of burning in hybrid rocket engines. 

The value of Qj_ cannot be theoretically estimated at present due to a lack of 
data on high-temperature linear pyrolysis product composition for most practically 
important polymeric fuels. The next chapter is devoted to methods for the experi- 
mental determination of Qx as well as the verification of the ideas discussed in this 
chapter. 
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Chapter 4 

Study of the Total Heat of the High-Temperature 
Linear Pyrolysis of Polymeric Materials 
as Applied to Burning in Hybrid Rocket Engines 


Abstract An original block calorimeter for measuring the total heat from the high- 
temperature linear pyrolysis of polymeric materials is described. This value includes 
the thermal effect of fast high-temperature decomposition and the heat required to 
preheat the polymer up to an almost constant pyrolysis surface temperature. The 
latter is characteristic of the “third mode” of linear pyrolysis in which fast burning- 
induced destruction of almost all polymers occurs. The theoretical background for 
the application of the instrument and the method used to calibrate it are presented. 
Data on the total heat of high-temperature linear pyrolysis for more than 20 poly- 
meric materials are given. Data on the combustion of numerous polymer fuels in 
a model hybrid rocket engine ( the most promising environmentally safe rocket en- 
gine) are presented. The value of the total heat of high-temperature linear pyrolysis 
is shown to be the main parameter that determines the rate of polymer burning in 
the hybrid rocket engine. Thus data on the total heat can be used to develop polymer 
fuels characterized by optimal rates of burning in the hybrid rocket engine. 


4.1 Block-Calorimeter for Measuring the Total Heat 

of the High-Temperature Linear Pyrolysis of Polymers 

A special block calorimeter (Fig. 4.1) was used to measure the total heat values, 
Qy [1], The principle of operation of the device is based on the measurement of 
the change in the total heat of a hot block used as a heater for the material under 
study (linear pyrolysis of the sample occurs at one of the block ends). The calorime- 
ter consists of a bulky metal cylinder (40 mm in diameter, 180 mm long) 6 placed 
into a quartz Dewar vessel 5. The temperature on the external surface of the Dewar 
vessel is kept constant using a simple dual control system. The hot ends of working 
thermocouples are calked into the top, middle and bottom sections of the block. A 
sample is pressed onto a top end of the hot block (in experiments with softening 
polymers, a block with a small sample-containing cavity on the top end is used). 
The cooling of the block that provides the heat for linear pyrolysis is recorded by 
a multichannel recorder (EPP-09). Qy can be calculated from the heat change of 
the block and the weight of the decomposed polymer sample, mo (determined as 
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Fig. 4.1 Schematic of the high-temperature block calorimeter: asbestos cement casing (7), external 
heater (2); resistance thermometers (5); inner heater (4), quartz Dewar vessel (5), metal cylinder 
(duralumin or copper) (6), thermocouples (7), photoamplifier (8), recorder (9), control relay (10) 


the difference between the values of the sample weight before and after the exper- 
iment). An additional internal heater on the lateral surface of the block is used for 
calorimeter standardization (determining the heat exchange parameters in the De- 
war vessel at high temperatures and measuring the effective heat capacity of the 
block calorimeter). The expression for calculating Q\ from the experimental data 
was found by solving the problem of nonstationary heat conduction in the block. 

Two process stages were considered: linear pyrolysis and the subsequent thermal 
relaxation. The solution obtained for the first stage was used as the initial condition 
for the solution of the problem related to the second stage. In order to simplify 
the resulting analytical expression the following assumptions were made (detailed 
information regarding the analytical method can be found in [2]): 

a) The model used is one-dimensional (any cross-sectional temperature difference 
is much lower than that longitudinally) 

b) The linear pyrolysis rate is constant 

c) The rates of heat dissipation from the block top end before and after linear py- 
rolysis are equal 

The assumptions are quite reasonable due to a big (~ 25-fold) difference in the cor- 
responding Fourier numbers (relates to assumption a) and to an insignificant vari- 
ation in the block end temperature during linear pyrolysis (~ 10-15°C) (relates to 
assumptions b, c). Typical time dependencies for the block temperature during the 
linear pyrolysis of PMMA are shown in Fig. 4.2. The maximum temperature change 
in the top section of the block is equal to 11°C (from 493 to 482°C). Shortly after 
lineal' pyrolysis, the thermal relaxation of the block was found by numerical analysis 
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Fig. 4.2 The temperature change in the block during the linear pyrolysis of PMMA (m o = 3.93 g) 
and at thermal relaxation for the bottom section (1), the middle section (2), and the top section (3) 


to occur in the so-called regular mode. In this case, the average temperature in the 
block longitudinal section is close to its volumetric mean value. 

The expression for Qs_ calculation is 


Qi = 


(XMC) ca iAT 0 

mo jj.£ 


(4.1) 


where (IMC) ca i is the effective heat capacity of the calorimeter, ATo is the calcu- 
lated (see below) change in the middle (1/2) block section, /f = cos(vo/2) is the cor- 
rection for the heat transfer through the Dewar vessel bottom, e = lx p[|^|+^o/^ 2 ^p] — 1 

is the correction for the heat transfer through the Dewar vessel walls during pyrol- 
ysis [Bi = ad / A is the Bio number, 45 = d is the block diameter, p = 1/8 is the 
geometrical block parameter, T p = at p /8 2 is the dimensionless time (Fourier num- 
ber) of linear pyrolysis, Vo is the minimum eigenvalue for Vo = P Bi/tgVo, a is the 
factor for heat transfer through the Dewar vessel walls, A and a are the thermal con- 
ductivity and the temperature diffusivity of the block material, and r p is the duration 
of linear pyrolysis], 

ATo is determined from the time dependence of IgA'/’ (Fig. 4.3) by extrapolating 
the straight line corresponding to a “regular” mode to t = 0. In the case of e ss 1 
(fast pyrolysis, good thermal insulation of the block), the expression 


Qi 


(ZMC) ca iA?i).5 

moll 


(4.2) 


where A7o.5 is determined by the same extrapolation method to t = 0.5/p, can be 
used instead of Eq. (4.1). 
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fa h 500 1000 t, s 

Fig. 4.3 Determination of ATq: analysis of data shown in Fig. 4.2 for the bottom section (7), the 
middle section (2), and the top section (3), A7o = 9.71°C 


The block calorimeter was standardized by the method of pulsed switching-on of 
the internal heater (the measured constants are shown in Table 4.1). The temperature 
dependence of (ZMC) ca l is in good agreement with literature data on the temperature 
dependence of the specific heat capacity (C = C(T)) for duralumin and copper. The 
increase in the Bio number with increasing temperature is explained by the growth 
of the irradiation contribution to the overall heat transfer through the Dewar vessel 
walls. 

Table 4.1 Block-calorimeter constants determined by the method of pulsed heating followed by 


relaxation 

Material of the block 

Temperature, °C 

(SMC) ca l, ICC)- 1 

Bi 

Duralumin 

130 

621 

3.2x 10~ 4 


485 

750 

1.1 x 10- 3 

Copper 

400 

1854 

8.3x 10~ 4 


685 

2125 

1.5 x 10- 3 


In Tables 4.2 and 4.3, Qs_ values for a number of model polymer systems, com- 
mercial hybrid propellants and some organic compounds are given. 


4.2 Correlation Between the Burning Rates of Polymer Hybrid 
Propellants and the Total Heats of Linear Pyrolysis 

One of the most interesting aspects of polymer burning is the relationship between 
its burning rate and its decomposition characteristics. The burning rates for some 
materials have been measured (under the standardized conditions of the combustion 
chamber of a model hybrid rocket engine) to check the conclusion about the dom- 
inant role of the total heat of linear pyrolysis in the determination of the burning 
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Table 4.2 Total heats of linear pyrolysis for hybrid propellant polymers and fuels 


Material 

Material of 
the block 

7o,°C 

Jg 1 

PMMA (linear) 

Duralumin 

485 

1583 ± 40 

PMMA (linear) 

Copper 

665 

1666 ± 40 

PMMA + 2 wt % 

triethyleneglycoldimethacrylate 

Copper 

665 

1480 ± 20 

PMMA+ lOwt % 

triethyleneglycoldimethacrylate 

Copper 

665 

1540 ± 20 

Polyethylene 

Copper 

665 

2354 ± 40 

Polystyrene 

Copper 

665 

1875 ± 40 

Polyethyleneimine 

Duralumin 

485 

1646 ± 40 

Rubber resin-SKDN 

Duralumin 

485 

625 ± 20 

Rubber resin-PDI- 1 

Duralumin 

485 

875 ± 20 

Diene polymer 

Duralumin 

485 

1041 ± 40 

30 wt% rubber 
resin-SKDN + 70 wt% 
transformer oil 

Duralumin 

485 

980 ± 20 

40 wt% rubber 

resin-SKDN + 60 wt% 
transformer oil 

Duralumin 

485 

625 ± 20 

60 wt% rubber 

resin-SKDN + 40 wt% 
transformer oil 

Duralumin 

485 

646 ± 20 

Transformer oil 

Duralumin 

350 

1333 ± 40 

Polyurethane-DT 

Duralumin 

485 

1541 ± 40 

Chloropolyure thane 

Duralumin 

485 

875 ± 40 

20 wt% organic 

azide-APU + 80 wt% 
polyurethane-DT 

Duralumin 

485 

790 ± 20 

64 wt% organic 

azide-APU +16 wt% rubber 
resin-PDI- 1 + 20 wt% 
polyethylene 

Duralumin 

485 

416 + 20 

20 wt% organic 

azide-APU + 80 wt% rubber 
resin-SKDN 

Duralumin 

485 

333 ± 20 


rate. In the experiments, cylindrical samples (100 mm long, initial hole diameter of 
13 mm) were burned in flowing oxygen at an O 2 pressure of 1.5 MPa and a flux 
density of 60 g cm -2 s~ 1 . 

A plot of the experimental weight-average burning rate (m = t7y s , where it is the 
average burning rate for the polymer fuel and y s is the density of the polymer fuel) 
against the corresponding total heat of linear pyrolysis is shown in Fig. 4.4. 

The complicated mechanism of blowing-assisted burning in the interface layer 
that is characteristic of a hybrid rocket engine is not considered in detail here. How- 
ever, one can draw a conclusion about the decrease in the burning rate of a polymer 
fuel with increasing Q\. The correctness of this conclusion is confirmed by the fact 
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Table 4.3 Total heats of linear pyrolysis for some organic compounds 


Compound 

Block material 

O 

n 

J g 1 

Benzyl 

Duralumin 

400 

1000 ± 40 

Diphenyl 

Duralumin 

400 

958 ± 20 

Sebacic acid 

Duralumin 

400 

1646 ± 62 

Stilbene 

Duralumin 

400 

1000 ± 40 

Diphenylamine 

Duralumin 

400 

980 ± 20 

Succinic acid 

Duralumin 

400 

1416 + 20 

Glutaric acid 

Duralumin 

400 

1354 ± 20 

Adipinic acid 

Duralumin 

400 

1416 + 20 

Azobenzene 

Copper 

665 

1000 ± 40 

Cinnamic acid 

Copper 

665 

1500+ 83 

Fumaric acid 

Copper 

665 

1375 ± 40 

Para-phenylenediamine 

Copper 

665 

1290 ± 62 


that the experimental data in Fig. 4.4 correspond to systems that differ greatly in 
terms of their structure and low-temperature decomposition constants. 

Since this monograph is mostly dedicated to the macrokinetics of high-tempera- 
ture decomposition in the condensed phase, gas-phase processes in a hybrid rocket 
engine are not analyzed (additional information on this topic can be found in 
[3, 4, 5, 6]). However, the result obtained is quite important for the theory of com- 
bustion in a hybrid rocket engine and for developing methods of increasing the hy- 
brid propellant burning rate. The decrease in Qy due to, for example, the addition 
of an organic compound that decomposes and releases heat into the fuel results in a 



Fig. 4.4 Correlation between the rates of burning in a hybrid rocket engine and the total heats 
of linear pyrolysis for polymeric fuels at the oxidized flux density G ox = 60gcm _2 s _1 and 
P = 1.5 MPa for polyethylene (7), polyethyleneimine (2), PMMA (5), polyurethane-DT (4), 
chloropolyurethane (5), rubber resin PDI- 1 (6), 20% organic azide-APU + 80% polyurethane-DT 
(7), rubber resin-SKDN (8), 20% organic azide-APU + 80% rubber resin-SKDN (9), 64% organic 
azide-APU +16% rubber resin-PDI- 1+20% polyethylene (10), 40% organic azide-APU + 60% 
rubber resin-SKDN (1 1), 80% organic azide-APU + 20% rubber resin-PDI-1 (12) 
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significant increase in the rate of linear pyrolysis in a hybrid rocket engine. This can 
be exemplified by the increase in the linear pyrolysis rate for rubber resin-PDI from 
2 to 4mms _1 (under quite moderate conditions in the chamber) due to the addition 
of organic azide-APU (40wt%) into the fuel. In this case, the oxidizer shutdown 
does not cause a change in the process mode to self-sustaining gas generation. 

The universal character of the uy(Qz) dependence serves as the basis for an 
express method for the preliminary evaluation of the hybrid propellant burning rate 
from the experimental data on the total heat change during high-temperature linear 
pyrolysis using a block calorimeter designed by us. 

No correlation between Q\_ (Tables 4.2 and 4.3) and burning rates was found for 
composite solid propellants based on the corresponding fuel-binders and AP [7], 
This agrees with modem ideas about the dominant role of the macrokinetics of re- 
actions in the condensed phase and gas-phase interactions between linear pyrolysis 
products in determining the burning patterns for composite solid propellants. Some 
techniques for studying fast exothermal decomposition kinetics for model and in- 
dustrial energetic materials are considered in Chaps. 5, 8 and 9. 
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Chapter 5 

Study of the Initial-Stage Kinetics 
for High-Temperature Decomposition 
of Homogeneous Blasting Powders 
and Composite Solid Propellants by the Method 
of Ignition Using a Heat-Conducting Block 


Abstract An ignition theory for an energetic material sample at a given constant in- 
stantaneous surface temperature is presented. An expression for calculating the rate 
constant of the fast high-temperature decomposition of the energetic material from 
experimental data on the ignition delay period as a function of the surface tempera- 
ture is given. An original flash-block instrument (in which a sample is pressed onto 
the end of a thermostated bulky A1 cylinder) is described. Data on the ignition and 
kinetics of the fast high-temperature decomposition of some homogeneous and het- 
erogeneous energetic materials including nitrocellulose and model and commercial 
solid propellants are given. The activation energies and pre-exponential factors of 
most high-temperature decomposition reactions were shown to differ significantly 
from those occurring in the low-temperature region. 


5.1 Application of Ignition Methods to Studies of the Kinetics 
of Condensed Material High-Temperature Decomposition 

The applicability of isothermal kinetic methods to studies of fast high-temperature 
exothermal decomposition of energetic materials is limited due to the ignition and 
thermal explosion phenomena that are characteristic of such systems. On the other 
hand, one can obtain information on effective formal kinetic constants, provided 
that the thermal explosion and ignition parameters are clearly defined in preset ther- 
mophysical conditions. 

Methods for determining kinetic characteristics from the critical ignition parame- 
ters of a material layer in which the interfaces are kept at (different) constant temper- 
atures are based on a classical work by ZeTdovich [1], The results from experimental 
and theoretical studies in this area were reviewed in [2, 3, 4]. 

Here data on ignition in the combustion chamber of a solid-propellant rocket 
engine and on the ignitions of powders with hot gas flow, hot wires, radiation heating 
and shock waves [4] are not considered. In these works, the ignition is assumed to 
be of a thermal nature because the thermal decomposition is characterized by a low 
degree of conversion in the volume of the thin material layer near the heated material 
surface. 
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The thermal ignition theory [5] allows one to find a relationship between the 
kinetic constants of the limiting reaction, the thermophysical parameters of the ma- 
terial, the heat-exchange conditions on its surface and the ignition delay f lgn . Ac- 
cording to the thermal ignition theory [4], the temperature field in the material can 
be described by a nonstationary thermal conductivity equation for an inert body up 
to the moment of ignition (up to the inflection point of the dependence of the sur- 
face temperature on time). Therefore, the parametric relationship between the macro 
characteristics of the ignition and the kinetic constants of the reaction strongly de- 
pends on the behavior of the heat flux as a function of time. Under the conditions of 
a decreasing heat-flux density, r lgn is strongly influenced by the kinetic parameters 
(for constant thermophysical characteristics of the material). In contrast, at increas- 
ing heat-flux density, the kinetic constants of high-temperature decomposition only 
slightly affect q gn [6, 7] (this situation is characteristic of ignition in the combustion 
chamber of a solid-propellant rocket engine). In the latter case, information on the 
process kinetics cannot be obtained from the data from ignition experiments. 

These circumstances were taken into consideration when developing a method 
for studying the fast exothermal reaction kinetics of condensed materials based on 
their ignition parameters at a constant material surface temperature [8, 9]. The mate- 
rial surface was instantly heated up to a high temperature (which was kept constant) 
by pressing the sample onto the end of a bulky heat-conducting block (similar to a 
heating block in installation LP-4 described in Sect. 2.2). Strictly speaking, in this 
case, boundary conditions of the fourth kind are valid for the surface of the heated 
material (rather than the boundary conditions of the first kind). However, due to the 
huge difference between the thermal activities of aluminum (the block material) and 
the ignited materials (homogeneous and composite powders), thermostating via the 
contact (boundary conditions of the fourth kind) provides conditions close to ideal 
heat exchange with Bi — > °° (boundary conditions of the first kind). Indeed, accord- 
ing to the theory of heat conduction [8], the temperature drop (AT) at the surface of 
a hot body after its contact with a cold (7A, ji) semi-infinite continuum is 


Tq — Too 
1 + 1/71/72’ 


(5.1) 


where 

7 = Acp (5.2) 

is the thermal activity, Tq is the hot body initial temperature, and j\ is the hot body 
thermal activity. 

Substituting in corresponding values for aluminum [10] (Ai = 234Wm _lo C _1 , 
ci = 1.04kJkg _lo C _1 , pi = 2.7 x 10 3 kgm 3 ) and for a typical polyurethane com- 
posite solid propellant (NG-2-60-DTM) determined experimentally (At = 0.326 
Wm _lo C _1 , c 2 = 1.30kJkg“ lo C -1 , p 2 = 1.76 x 10 3 kgm~ 3 ), one obtains A7^ c c k = 
12°C for Tq = 400° C and 7L = 20° C. The experimentally determined temperature 
drop (A7],i^ k — 2 — 3°C) is lower due to intensive heat pumping from the periphery 
to the sample-block contact (the area of the end of the block is 16 times larger than 
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that of the sample-block contact). This systematic inaccuracy does not cause any 
significant errors when estimating the kinetic parameters. 

When analyzing experimental data, one should also evaluate the limits of the ap- 
plicability of the homogeneous model for ignition in real heterogeneous composite 
solid propellants at Tq = const. The model is believed to be valid if the reaction layer 
thickness exceeds the maximum characteristic size of the AP crystal. For most of 
the ignition delay period, the temperature field in the composite solid propellant can 
be described using 

T — Tc ( x \ 

= erf — — , (5.3) 

To Too \ 2-^/ d s t\g n / 

where a s is the temperature diffusivity of the sample. 

The upper limit of ti gn is important for homogeneous systems, since it deter- 
mines the applicability of the semi-infinite continuum preheating and ignition model 
to samples of a finite length Iq (for composite solid propellants and powders at 
Iq = 1 cm the upper limit of t lgn is in the range of 150-200 s). Assuming that the 
temperature change in the reaction layer is equal to one Semenov interval R Tq /E 
(with an accuracy that is acceptable for approximate estimation), one obtains for the 
reaction layer thickness at the moment of ignition, A; gn , 

K _ <j> ( A ign 

E{Tq-T„) V 2 \Mhgn 



For standard composite solid propellants with high contents of fine-grained AP, one 
can suppose that A; gn > 10 4 cm. Thus, for example, for a typical polyurethane 
composite solid propellant (with the thermophysical characteristics given above and 
E sa 165 kJ mol -1 ), the homogeneous model is valid for f; gn > 3.5 s. 

An expression obtained by Averson, Barzykin and Merzhanov [11] (who studied 
ignition at Tq = const for a first-order reaction) in order to analyze the experimental 
data is 

Tign = ( 1 + 1 -600- + 0.205 J ( 1 + 80O.7 372 ) (14-/3), (5.5) 

where 


0o= 


E 

R7? 


(r 0 -K.);y = 


£R3?.o 
Q E ,P 


R7b _ QkoE ( E \ 
E ’ T ' gn — ?ign cRTy CXP \ R7o ) 


Equation (5.5) was obtained by the approximation of a numerical solution for a com- 
plete set of thermal conductivity and kinetic equations. An analytical expression for 
the cp(ri) dependence cannot be obtained by the ignition methods. However, for a 
wide range of non-self-catalyzed reactions occurring at T = const, the inaccuracy 
caused by the a priori assignment of <p( rj ) does not result in serious errors when de- 
termining Qko and especially E, due to the low degree of conversion (rj; gn ) attained 
for f ign . 

The determination of kinetic constants by the ignition method is considered in 
Sect. 5.4. 
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5.2 “Flash-Block” Device 

A diagram of an installation used to study the kinetics of the high-temperature 
decomposition of blasting powders and composite solid propellants is shown in 
Fig. 5.1. 

Aluminum block-heater 1 (cylinder 45 mm in diameter, 120 mm long) is equipped 
with resistance thermometer 2 that is attached to its lateral surface and a heating coil 
3 (the temperature control system is similar to that of installation LP-3, so the other 
parts indicated in Fig. 5.2 are not listed). Sample 8 is placed onto a textolite plate 
9 fixed onto lifter 10, which is equipped with an anti- vibration buffer. In the exper- 
iments with nitrocellulose samples, thermostat 5 (a sealed steel vessel with inner 
channel 6) was used to set various T,„ values. Heat carrier 7 (water or carbon tetra- 
chloride) is supplied to the thermostat through ultrathermostat connecting pipes. 
The temperature of the end of the bottom of the block is kept constant (±0.3°C). 

The sample was lifted and pressed onto the block using a load fixed onto three 
threads that pass over pulleys and were connected to the lifter. The value of ; ]gn was 
measured (with good accuracy) using a stop-watch with a scale interval of 0.1 s. 
After sample inflammation, the kinematic unit was returned to the original position, 
and the block surface was cleaned from the residue (without cooling the block, using 
sandpaper wound onto a bush over cotton wool; the bush was connected to a high- 
speed motor via a flexible shaft, and the sandpaper did not burn onto the block due 
to the high rotation speed). 



Fig. 5.1 Installation schematic: block heater (1 ), resistance thermometer (2), heating coil (5), hot 
thermojunction (4), thermostat body (5), thermostat channel (6), heat carrier (7), sample (8), tex- 
tolite plate (9), lifter stem (10), lifter buffer (11), resistive bridge (12), amplifier (13), ballast rheo- 
stat (14) 
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Fig. 5.2 Effect of the initial 
sample temperature, T x on 
the ignition delay, f; gn (7o = 
498 K) 


=-^-> 10 2 s/deg 

1 0 1 oo 



120 160 200 To -Too, deg 


5.3 Studying the Kinetics of the High-Temperature 
Decomposition of Nitrocellulose 


In the experiments [9], samples of nitrocellulose (which is well-characterized as 
a model system for condensed-phase reactions occurring without phase transitions 
[12]) were studied. The kinetics of the low-temperature decomposition of nitrocel- 
lulose has also been thoroughly investigated by classical isothermal methods (see 
for example [13]). 

The samples were prepared in the form of pellets 12 mm and 18 mm in diameter 
and 6 mm long with a density of 1 .49- 1 .50 g cm~ 3 . The block temperature was var- 
ied in the range of To = 485-525 K, and the sample initial temperature in the range 
of Too = 255-369 K. Before ignition the samples were kept in thermostat 6 (Fig. 5.1) 
for 30 min. This time was found to be enough for the complete preheating (cooling) 
of the sample up to the required temperature T„ (the increase in thermostating time 
did not influence q gn ). For the indicated ranges of Tq and Z L, q gn was found to be in 
the range of 3-20 s. 

Equation (5.5) is used to analyze the kinetic data. Noting that 1 and /3 •C 1, 
one can rewrite this expression as 


Qko 

c 


exp 




1.6 + 0. 2 


E (Tp -Too) 

R7 o 


(5.6) 


It follows from Eq. (5.6) that for To = const and T,„ = variable, the dependence of 
on (Tq — Too) should be linear. The experimental data obtained at Tq = 498 K 
and Too = 255-369 K are presented in the corresponding coordinates in Fig. 5.2. 

The equation of the straight line obtained is 


hgn 


To -To 


a + b(To~Too) 


(5.7) 
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where a = 1.6 x 10 2 s deg 1 , b = 2.3 x 10 2 sdeg 2 . However, the linearization 
of the experimental results in these coordinates does not completely prove the cor- 
rectness of Eq. (5.6). The quantitative analysis of the parameters of the straight line 
appears to be of significant importance. The absolute values of these parameters 
that are strongly dependent on Qko, E and To cannot be estimated from Eq. (5.6) 
with the required accuracy. In order to quantitatively compare the theoretical and 

experimental data, the ratio '! = 8 " , which is independent of Qko and slightly 

(not exponentially) dependent on E and To, can be used. For E = 202 kj mol 1 [12], 
(f)theor = ar *d ( zO exp = 70°> w hich indicates a satisfactory agreement between 
the theoretical and experimental data. 

The kinetic parameters Qko and E can also be determined from the experimental 
data using Eq. (5.6). Let’s rewrite this expression as 


lg 


f ign 

T 0 - 72, 



1.6 + 0 . 2 § 

R 


To-T„ Y 
To- ). 


Elge 1 

~R ~Tb' 


(5.8) 


If T ° t 2 °° I s kept constant in the experiments, a plot of lg y /' gn / , against 7’ (| 1 is lin- 
ear, and E can be found from the slope ratio and Qko from the intercept on the 
y-axis. Under regular experimental conditions, 7 °. r /” changes only slightly; for ex- 

4 ) 

ample, in the case of experiments with nitrocellulose samples at 72. = 293-298 K 
and To = 485-515 K, it varied by 5%. Thus, this approach can be used to analyze 
experimental data obtained when Tq ~ const and 72. = variable. This is very con- 
venient, since if the initial sample temperature is equal to the room temperature, an 
additional thermostat (5, Fig. 5.1) is not needed. Experimental data obtained for the 
indicated range of Tq are presented in Fig. 5.3 (each point corresponds to a f; gn value 
that is the average from three/four experimental runs). The good agreement between 
the data obtained for samples of different diameters implies that f; gn is independent 
of the lateral heat losses. Analysis of the data shown in Fig. 5.3 using Eq. (5.8) gave 


Fig. 5.3 Arrhenius 
anamorphosis presentation 
of the experimental data 
showing the dependence of 
the ignition delay, /j gn , on the 
block temperature. To, at 72 = 
293-298 K for the samples 
12 mm ( circles ) and 18 mm 
(squares) in diameter 


lg 


To -Ex 
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E = 200 kJ moP 1 and Qko = 1 0 23 J g 1 s 1 . The values obtained are in a good agree- 
ment with the literature data on ko2 and Ej for the decomposition of nitrocellulose 
[12, 13, 14, 15]. The results of kinetic studies of nitrocellulose are summarized in 
Table 8.1, Chap. 8. 

The kinetic constants of the limiting reaction of high-temperature decompo- 
sition of ammonium bichromate at Tq = 518-559K (E = 166kJmol _1 , Qko = 
8.3 x 10 17 Jg' 1 s' 1 ) and organic azide-APU at T 0 = 525-619 K (E = 180kJmor\ 
Qko = 10.4 xl0 18 Jg 1 s 1 ) were determined from ignition experiments using the 
“flash-block” device. The data obtained for organic azide-APU are in good agree- 
ment with the corresponding data for low-temperature (To = 420-489 K) decompo- 
sition: E = 175kJmol -1 , Qko = 6.2 x 10 18 Jg -1 s _1 (up to 7] « 0.8). This confirms 
the applicability of the flash-block technique to the study of the initial stage kinetics 
of fast exothermal reactions in homogeneous condensed systems. 


5.4 Studying the Initial Stage Kinetics for the High-Temperature 
Decomposition of Model and Commercial Composite Solid 
Propellants 

5.4.1 Method Verification for the Ignition of Polyurethane-Based 
Composite Solid Propellant 

The decomposition of polyurethane-based (grade P) composite solid propellant was 
the first process studied using the flash-block device due to availability of some data on 
the low-temperature decomposition kinetics of this system [ 16] and a few experimen- 
tal data on the kinetics of heat release (obtained thermographically in a hot gas flow) 
[17]. Since it is a typical representative of commercial AP-containing composite solid 
propellants (based on its composition and ignition patterns), the polyurethane-based 
energetic material was found to exhibit ignition behavior qualitatively similar to that 
of a number of commercial and model “AP-fuel binder” systems. 

The samples (10 mm in diameter, 6 mm long) were chopped from hollow rods 
made by a standard molding method using a special cutter (ensuring strictly parallel 
and smooth end-surfaces). The sample composition is shown in Table 5.1. 


Table 5.1 Composition of the polyurethane-based (P) fuel 


Component 

wt % 

Monodisperse AP 

70.86 

Polyester 

18.84 

Toluylenediisocyanate 

2.8 

Aluminum powder 

7.0 

Lithium fluoride 

0.5 
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As 7o increases from 583 K to 665 K, bg n decreases from 77 s to 2.2 s. In the 
plot of lg against , two qualitatively different regions were found to ex- 
ist. For Tq in the range of 583-628 K, the experimental data are well linearized 
down to f; gn « 4 s, and a strong dependence of q gn on 7o is apparent (Fig. 5.4a). 
When 7o is increased further the change in fj gn becomes less pronounced, attain- 
ing an approximately constant value of 2.2-2. 3 s. It is interesting that in the second 
region isolated clicks, sometimes accompanied by sparkling in the block-sample 
contact, were heard before ignition. These phenomena did not result in sample igni- 
tion. However, the plotted points corresponding to the detection times of these phe- 
nomena (Fig. 5.4a) were found to lie on the extension to the experimental straight 
line (though with noticeable scatter). These allow one to draw a conclusion about 
the inapplicability of the homogeneous thermal ignition model in the second re- 
gion due to reaction layer thinning and the dominance of heterogeneous effects, 
whereas in the first region this model is quite valid. Estimating the critical thick- 
ness of the reaction layer for fj gn ns 2.2 s using Eq. (5.4) gives A; gn w 8.3 x 10~ 5 m, 
which is very close to the size of a single AP crystal in the polyurethane-based fuel 
(10~ 4 m). 

After determining the applicability limits for the homogeneous thermal igni- 
tion model, one finds from the slope of the dependence (Fig. 5.4a) that E = 
200 ± 8 kJ mol~ 1 . This value can then be substituted into Eq. (5.8) for the further 
analysis of the data using lg [Qk(To)\ — l/7o coordinates (the second approximation, 
see Fig. 5.4b). The heat capacities of most composite solid propellants are in the 
range 2-2.25 J g 1 deg~ 1 ; for the polyurethane-based (P) fuel r = 2 . 1 J g 1 deg~ 1 . 

For 7o = 582-626 K, the values of E and QIcq were found to be 200 ± 8kJ mol 1 
and 4x 10 19 0±0 7 J g _1 s -1 , which are close to the results obtained by thermography 
of the decomposition of the polyurethane-based (P) material in a hot gas flow [17]. 

It was interesting to compare the results obtained with literature data on the kinet- 
ics of low-temperature decomposition that can be described [ 1 6] by the autocatalytic- 
type equation 


s/deg 

J- 0 4 oo 


GM/(g s) 



Fig. 5.4 Determining the kinetic constants for the high-temperature decomposition of polyure- 
thane-based composite solid propellant in the first (a) and second (b) approximation 
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where 


— =£i(l-i7)+£ 2 i7 a5 (l-?7), 


k 2 = 10 8 ' 5 exp 



for temperatures lower than or equal to 493 K and 


k 2 = 10 128 exp 


38000 \ 
RT ) 



(5.9) 


(5.10) 


(5.11) 


for temperatures higher than 493 K. 

The kinetic constants for low-temperature decomposition in Eqs. (5.10) and 
(5.11) significantly differ from that for high-temperature decomposition, as deter- 
mined from experimental ignition data (here Q = 2.08 kjg ', from [17], was used): 

^'high-temp « 2- 10 16 exp ^- 4 ^ >Q j [s _1 ] . (5.12) 

An analytical expression for k\ could not be derived in [18] due to the extremely 
strong autocatalytic effect {k\/k 2 < 1). The approximate order of magnitude for k\ 
was found from the results of specially designed experiments (that measured the 
weight decrease under isothermal conditions) to be 1 0 5 s 1 at T = 493 K. Extrapo- 
lation to T = 493 K using Eq. (5.12) gives a similar constant value of 1.5 x 10~ 5 s _1 . 
Taking into account the long range of the extrapolation, one can consider this agree- 
ment between the data to be quite satisfactory. 

Thus two preliminary conclusions can be drawn: 

(a) The kinetic constants of the limiting stage of the fast high-temperature decom- 
position of composite solid propellants can be evaluated (for a certain range of 
hgn) by the ignition method using the flash-block device. 

(b) The satisfactory agreement between the k\ data for high-temperature and low- 
temperature decomposition of the polyurethane-based (P) material obtained for 
high E (determined by the ignition method) may not be just a random coinci- 
dence. In this case, reactions with such high values of E are assumed to occur 
at low temperatures as well. Due to high activation barriers, the contributions 
from these reactions are not noticeable at significant degrees of conversion in 
the low-temperature region, while at higher temperaturesthey become more im- 
portant. Correspondingly, the effective constants of high-temperature decompo- 
sition significantly differ from those in the low-temperature region. 

Thus the ignition method can be used to evaluate the kinetic constants for reactions 
that dominate in the high-temperature region (if the decomposition mechanism is 
constant over a wide temperature range). The low-temperature kinetics of these re- 
actions cannot be studied by traditional techniques due to their negligibly small 
contributions to the overall process. 
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5.4.2 High-Temperature Decomposition of Model and Commercial 
Composite Solid Propellants 

The kinetics of the high-temperature decomposition of a number of model and com- 
mercial composite solid propellants (including standard and fast-burning materials 
based on rubber resin and polyurethane fuel-binders and AP) were studied by the 
ignition method. 

In the experiments, fuel-AP model materials as well as multicomponent systems 
(containing aluminum and combustion catalysts: FeoOt and CuC^Cb) were inves- 
tigated. The compositions of the studied systems and the kinetic data obtained are 
presented in Table 5.2 (the plots and calculations similar to those given in Sect. 5.4. 1 
are omitted). 

The ignition behavior exhibited by these systems was found to be similar to that 
of the polyurethane-based material. For the systems with a high content of the fine 
AP fraction, there is no inflection on the lg j^t (t) curves d° wn t° t \ gn « 1 s, 
which implies that the thermal decomposition has a quasi-homogeneous character. 
For systems with a lower content of the fine AP fraction (and in the polyurethane- 
based fuel), a change in the ignition mechanism was found to occur at tj gn « 
2. 0-2. 5 s. 


5.4.3 Final Remarks 

Comparative analysis of the kinetic data obtained for systems with various binders, 

catalysts and additives resulted in the following conclusions: 

1. The effective kinetic constants (E and Qko) of the catalyst-free high-temperature 
decomposition of condensed materials differ significantly from those associated 
with low-temperature decomposition (determined by isothermal and thermal ex- 
plosion methods). 

For example, the activation energies for the polyurethane- and chloropolyurethane- 
based fuels (NG-3-63H and NG-2-60-DTM), determined from the critical condi- 
tions of the thermal explosion at T = 413-473 K, are in the range 1 17-133 kJ mol , 
while at higher temperatures (see Table 5.2) they are approximately 170 kJ mol - 1 
for the polyurethane-based fuel and 210 kJ mol -1 for the chloropolyurethane- 
based one. Materials with polyolefin and some other binders (bitumen, polyethy- 
lene, rubber resin) are also characterized by high activation energies for 
high-temperature decomposition. This suggests that the macrokinetics of the high- 
temperature decomposition of AP-based materials are determined by kinetic con- 
stants that are different from those for the low-temperature decomposition (this 
aspect is also discussed in Chap. 9). 

2. The addition of aluminum hardly influences the high-temperature decomposition 
of AP-based materials. 
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3. Combustion catalysts such as CuCriCF and Si CD were not found to affect the 
high-temperature decomposition of the material’s condensed phase. The addition 
of Fe 2 C >3 results in a significant acceleration of the high-temperature reaction and 
a decrease in the activation energy value down to E « 125 kJ mol 1 2 3 4 5 6 7 8 9 . 

Joint analysis of these results and data on low-temperature decomposition and 
thermal explosions, as well as results from experiments on the effect of FeiCb 
and CuCr 2 C >7 on materials burning in the chemical arc, have led to the follow- 
ing conclusion. In contrast to Fei 03 , which catalytically affects high-temperature 
processes in the condensed and gas phases of the burning fuel, adding CuCTtCP to 
the binder mainly influences gas-phase reactions (the introduction of CuCriCF 
into AP pellets is known to result in accelerated decomposition and burning). 
However, in composite solid propellants, as a rule there is no a direct contact be- 
tween the AP grains and the catalyst (the latter being uniformly distributed in the 
binder volume which occupies intergranular space in the composite). As opposed 
to other ignition techniques (radiant flux, electrically heated wires, etc.), ignition 
by means of a hot heat-conducting block provides information about the kinetics 
of reactions in the condensed phase. This is explained by the almost complete 
suppression of the release of heat from the gas-phase reaction in the thin gap 
between the sample and the block due to the “cooling” action of the latter. 

4. The kinetic constants for slow-burning polyolefin-based model systems and for 
fast-burning rubber resin-based material are quite similar. In this case, one can 
assume that the high burning rate of the latter system is associated with the high 
degree of homogeneity of the material due to the use of submicron grain-sized 
AP. As a result, the degree of conversion of the condensed phase attains quite a 
high value due to the high-temperature thermally self-accelerating reaction ( E = 
242 kJ moP 1 ) before the rate of volumetric heat release in the fuel surface layer 
becomes limited by dispersion and microheterogeneity effects. 

5. The simple and reliable flash-block-based ignition technique can be used as an 
express method for evaluating high-temperature decomposition parameters and 
determining the ignition delay times for composite solid propellants under fixed 
thermophysical conditions (intensive aerodynamic heating and others). 
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Conclusion for Part I 


The potential value of the experimental and theoretical results discussed in Part I for 
the further development of ideas about the nature of the high-temperature decompo- 
sition of energetic materials (in particular, composite solid and hybrid propellants) 
is a matter of significant interest. 

The spatially nonisothermal techniques of ignition and linear pyrolysis (which 
allow one to obtain a certain essentially constant characteristic of the studied sys- 
tem, fi gn or U, respectively) are considered to be “discrete” methods according to a 
classification suggested in [1], In the experiments the rates of the overall processes 
are believed to be quite close to those of processes that occur in real solid-propellant 
rocket engines and hybrid rocket engines. For example, the rate of polymer linear 
pyrolysis performed in the LP installations reached a value of 1 0 1 cm s 1 . This is 
quite close to the burning rates of hybrid propellants and only an order of magni- 
tude lower than the linear pyrolysis rates characteristic of composite solid propellant 
binders. The existence of the “third mode” of polymer linear pyrolysis (found for 
PMMA at U > 5 x 1 0 2 cm s 1 ) allows one to propose that similar macrokinetic 
patterns occur for other polymeric fuel binders: a weak decrease in 7s at signifi- 
cantly increased linear pyrolysis rates. The burning of polymer spheres was found 
to obey the Sreznevsky law (the linear reduction in the surface area of a burning 
polymer particle as a function of time: d 2 = d 2 , — Kt), which indirectly confirms 
the existence of the third mode for fast linear pyrolysis. This leads to the resolu- 
tion of the contradiction between data on high-temperature decomposition kinetics 
obtained in early works on polymer linear pyrolysis [2, 3, 4] and burning rates and 
surface temperatures as well as temperature profiles found for the condensed phases 
of polymer-AP systems [5, 6, 7, 8, 9, 10], Extrapolation of these experimental data 
(by presenting the dependence of the linear pyrolysis rate on the surface temperature 
in the form of an Arrhenius plot) to U « 1CU 1 — 1 cm s’ 1 resulted in unrealistically 
high 7s values. In contrast, the 7s values determined for the third mode agreed 
with the data obtained by microthermocouple measurements for the burning of bulk 
PMMA in flowing oxygen [6, 11] and AP-PMMA mixtures [7]. 

In the chemical arc, linear pyrolysis of the components takes place in the flame 
of interaction between the gaseous products of the oxidizer and fuel-binder decom- 
position. Under these conditions, the burning occurs in one of its limiting modes 
(in its “elementary act,” to be exact), which is an important stage in the complex 
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process of heterogeneous system burning. Under the conditions in the chemical arc, 
there is no interaction between the condensed phases of the components. Therefore 
they can only mutually influence the linear pyrolysis rates via the gas-phase pro- 
cesses. The combustion of AP and PMMA linear pyrolysis products was found to 
be nonstoichiometric (a significant excess of the fuel). The temperature in the gas 
gap attains its maximum value near the fuel surface. The role of catalysts at various 
burning stages can be clarified experimentally by introducing catalysts into an oxi- 
dizer or a fuel. The combination of the chemical arc method with other techniques of 
studying limiting burning modes (for example, the method based on the burning of 
“sandwich” systems, etc. [6, 12]) seems to be a very promising approach for further 
investigations of the mechanism of composite solid propellant burning. 

Thus linear pyrolysis methods can be used to study the macrokinetics of high- 
temperature reactions in condensed phases of solid fuel components under purely 
thermal influence and under the effect of the interaction flame. Pyrolysis of the fuel 
is a very important stage in the burning of composite solid propellants, and espe- 
cially hybrid propellants. Nowadays, ensuring high linear rates of fuel burning is 
one of the main goals in the development of promising environment-friendly hybrid 
propellants and hybrid rocket engines. In this regard, the experiments on the linear 
pyrolysis of linear and crosslinked PMMA seem to be quite informative. The high- 
temperature decomposition occurring in the third mode was found to be affected by 
the rate of heat supply ( qs ) to the pyrolysis surface. In this case, the total gasifica- 
tion heat (Qy) is the main characteristic determining the rate of linear pyrolysis (at 
a certain qy). Qy includes the thermal effect of pyrolysis and the heat of the mate- 
rial warm-up from T,„ to Ty. This parameter can be considered a high-temperature 
decomposition constant characteristic of the particular material since the surface 
temperature changes only slightly in the third mode. 

Values of Qy were measured by the block-calorimeter method for a number of 
model and commercial fuels. The estimation of Qy from thermodynamic data is 
very difficult, since, as a rule, information on linear pyrolysis product composition, 
the value of Ty and the temperature dependence of the heat capacity of the fuel is not 
available. At the temperatures and times characteristic of linear pyrolysis the pro- 
cesses in the reaction zone cannot attain thermodynamic equilibrium. The Qy values 
were analyzed and compared with data on the rates of linear burning in a model hy- 
brid rocket engine chamber. The results of this analysis suggest a general behavior 
pattern even for fuels that are significantly different in terms of their structures and 
low-temperature decomposition parameters. Thus the following conclusions regard- 
ing the mechanism of pyrolysis and burning of fuels in a hybrid rocket engine can 
be made: 

- Linear pyrolysis of fuel occurs in the third mode (the influence of purely physi- 
cal factors associated with hydrodynamics in a hybrid rocket engine on the rate 
of hybrid propellant burning is not considered here). The polymer fuel burning 
pattern is weakly affected by the kinetics of reactions in the condensed phase and 
on the pyrolysis surface. 

- Decreasing the fuel’s Qy leads to a significant increase in the rate of hybrid 
propellant burning. This can be done by, for example, adding homogeneous 
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compounds that decompose with high heat release in the condensed phase (or- 
ganic azides). 

- The rate of fuel burning in a hybrid rocket engine is affected by the pressure, 
because the latter influences the macrokinetics of gas-phase processes. 

- The burning of the hybrid propellant is limited mainly by heat transfer in the 
interface layer rather than by the kinetics of linear pyrolysis in the condensed 
phase. This explains the effect of Qy on the fuel burning rate. 

Comparison of experimental data on Qy with the burning rate data obtained under 
identical conditions for mixtures of polymers or individual organic compounds with 
AP did not suggest any correlations between them [13]. This result is quite impor- 
tant for understanding the mechanism of composite solid propellant burning. The 
reactivities of the components and the products of their high-temperature decompo- 
sition are more important factors for the burning of composite solid propellants than 
the thermal effect of binder linear pyrolysis. In other words, rates of heat- and mass- 
transfer when burning composite solid propellants (heterogeneous mixtures with 
characteristic structural dimensions of fractions of mm) are close to or exceed the 
rates of corresponding chemical reactions. The role of the gas-phase and condensed- 
phase reactions in the overall process can be determined by direct kinetic studies of 
the burning materials. As far as we know, the kinetics of gas-phase reactions be- 
tween products of the high-temperature linear pyrolysis of AP and practically in- 
teresting polymers has not been investigated experimentally. However, according to 
the results of a number of experimental and theoretical studies on the burning of 
AP-based composite solid propellants, condensed-phase reactions can also play a 
significant role [14, 15, 16]. 

Despite some limitations (see below), the application of the flash-block ignition 
method allows one to determine the constants of the high-temperature decompo- 
sition of numerous model and commercial composite solid propellants at the pre- 
heat and reaction layer temperatures for the first time. Classical isothermal meth- 
ods cannot be used to determine these constants in the high-temperature region 
(573-723 K). This is mostly due to the huge difference between the effective ki- 
netic parameters ( E , ko) that determine the rates of composite solid propellant de- 
composition at low and high temperatures. It was found for polyurethane-based 
material (and some others; for example, rubber resin-based composite solid pro- 
pellant) that the contribution from reactions that dominate at high temperatures to 
low-temperature decomposition is negligibly small, even when the formal kinetics 
of system decomposition does not change over a wide temperature range. In this 
case, any low-temperature data-based extrapolations into the high-temperature re- 
gion are almost impossible. 

The studies considered in this book were followed by numerous works that con- 
firmed the correctness of the methods and the conclusions obtained using them 
[1, 10, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29], For example, Shlensky 
experimentally determined that the forced high-temperature decomposition of a 
number of polymers occurs in the third mode; that is, at an approximately constant 
temperature for a wide range of decomposition rates [30]. The main conclusions 
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drawn regarding the ignition of homogeneous and heterogeneous solid energetic 
materials were confirmed by Muratov and coworkers [31]. 

To obtain quantitative data on the kinetics of fast condensed-phase reactions, 
special experimental and analytical approaches should be used due to the spatial 
and (or) temporal nonisothermal nature of the material. The linear pyrolysis and 
ignition methods are based on such approaches and allow one to obtain the required 
data using quite simple experimental setups. However, these techniques have serious 
limitations. 

Since they are “discrete” techniques [32], the linear pyrolysis and ignition meth- 
ods cannot be used to derive an analytical expression that describes the formal re- 
action kinetics directly from experimental data. In order to estimate E and Qko or E 
and ko using the ignition and linear pyrolysis methods, the corresponding expression 
for <p(rj ) in the equation f| = k(T)cp(ri) (describing the dependence of the reaction 
rate of the conversion degree, rj) should be assigned a priori. If the formal kinet- 
ics of the self-accelerating (under isothermal conditions) reaction can be described 
by, for example, expression <p(r)) = (1 — ?])”, an error in the determination of the 
constants associated with the uncertainty of the reaction order n is not that signif- 
icant (in the experiments on linear pyrolysis, decomposition can be considered a 
“pseudo-zero-order” process due to the densification of the reaction layer by the 
force pressing the sample onto the heater; during regular (nondegenerative) ignition 
in the flash-block device the degree of conversion in the surface layer by time t; gn 
is small [33]). However, due to this limitation, neither method can be considered 
comprehensive. For many homogeneous and heterogeneous systems, the degree of 
decomposition attained during burning is quite high. Therefore, the availability of 
an analytical expression for the dependence f| = ( rj , 7” ) at high temperatures is 

extremely important for identifying the burning mechanism. 

Another disadvantage of the linear pyrolysis and ignition methods (although less 
serious) is their pretty limited applicability. The method of linear pyrolysis on a 
solid heater can only be used for systems that decompose without forming a sig- 
nificant amount of condensed residue (ammonium and nitronium compounds, some 
polymers and organic compounds). 

The flash-block method can be successfully applied to the study of systems that 
decompose at high temperatures with significant heat release in the condensed phase 
and without (at least at low conversion degrees) vigorous gas evolution. As a rule, 
decomposition of these systems results in the formation of a condensed residue. 

Both methods can be used to study systems that burn without phase transfor- 
mations. However, the decomposition of numerous practically interesting materials, 
particularly many components of solid and liquid propellants, are accompanied by 
phase transformations (sublimation of solid oxidizers, boiling and evaporation of 
liquid monopropellants), even at moderate temperatures. Thus, in order to correctly 
identify the ignition and burning mechanisms, the quantitative evaluation and sepa- 
rate analysis of the contributions of physical and chemical processes to the overall 
process macrokinetics are of great importance. 

For example, when the experiments described here were started, a fundamental 
contradiction between the conclusions drawn by Belyaev and Merzhanov regarding 
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the mechanism of the thermal self-ignition of volatile explosives had not been re- 
solved due to a lack of information about the role of the phase transformation heat in 
the heat balance. According to data obtained by Belyaev [5], the ignition of volatile 
explosives takes place in the gas phase. Therefore, the critical conditions for this 
process are determined by the kinetics of the decomposition of the explosive va- 
pors. In contrast, Merzhanov and coworkers showed [34] that for typical secondary 
explosives such as Tetryl and DINA the critical conditions and the ignition delay 
period are determined by constants of the condensed-phase reactions. 

The study of the macrokinetic features of the decomposition of such systems 
is of significant practical and theoretical interest, especially at high temperatures, 
when the saturated vapor pressure and the ambient pressure become commensu- 
rable. Promising monopropellants for liquid rocket engines and torpedo power units, 
such as highly concentrated hydrogen peroxide, anhydrous hydrazine, propylene 
glycol dinitrate-based monopropellant and some other commercial energetic mate- 
rials, can also be considered volatile explosives due to their decomposition and com- 
bustion patterns. The macrokinetic patterns of the high-temperature decomposition 
of AP and volatile explosives have some similar features (AP is prone to exhibit- 
ing equilibrium sublimation in parallel with irreversible thermal decomposition). 
However, this similarity is more pronounced for liquids such as highly concentrated 
hydrogen peroxide, organic nitrates and hydrazine. 

The potential for the application of monopropellants as explosives that ignite 
upon contact with hot walls in military airplane quick-firers has been actively dis- 
cussed in publications over the past few years. It is obvious that before designing 
and building machines of this kind, as well as developing safety protocols, the de- 
composition macrokinetics of the materials used should be thoroughly studied over 
the required temperature and pressure range. 

Part II of this monograph is devoted to the study of the high-temperature decom- 
position kinetics of solid and liquid propellants under the conditions of spatially 
isothermal heating. The macrokinetic aspects of thermal decomposition and explo- 
sion of volatile explosives and monopropellants are also considered. 
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Part II 

Study of the Macrokinetics 
of High-Temperature Decomposition 
of Condensed Materials Under Spatially 

Isothermal Heating 



Chapter 6 

Mechanical and Thermal Dilution Methods Used 
in the Thermographic and Thermogravimetric 
Analysis of High-Temperature Decomposition 
of Condensed Materials 


Abstract The need to substantially modify common nonisothermal methods such 
as TGA, DTA and DSC when used to study the kinetics of fast exothermal and 
endothermic reactions in condensed media is theoretically demonstrated. Modified 
methods based on deep ballasting of the sample with inert heat-conducting material 
are proposed. For homogeneous samples, “mechanical dilution” (mixing the sample 
particles with chemically inert material in the ratio 1 COO) is used. For heterogeneous 
samples, a “thermal dilution” method where a thin sample is pressed between the 
ends of two metal cylinders characterized by high thermal conductivity is used. An 
analytical approach for determining kinetic constants from TGA, DTA and DSC 
data is proposed. Use of the modified experimental cells was shown to increase 
the upper limit of the reaction rates that could be measured by several orders of 
magnitude, even when commercial TGA, TDA and DSC instruments are applied. 


6.1 Introduction 

Although they have been widely used in physicochemical studies for a long time, 
differential thermal analysis (DTA, thermography), differential scanning calorime- 
try (DSC) and thermogravimetric analysis (TGA, thermogravimetry) have only re- 
cently been applied to obtain kinetic data (the most comprehensive information on 
the theory and practice of DTA can be found in [1, 2, 3, 4, 5, 6]). 

Compared to isothermal methods, DTA and TGA are more informative with 
respect to the kinetic behavior of the system under study. In addition, the corre- 
sponding equipment is quite simple. The application of DTA and TGA to study fast 
high-temperature reactions in condensed media appears to be very promising. 

When the experiments described here were begun, almost all methods of deter- 
mining kinetic parameters from DTA-TGA data (except for a method used in [7]) 
were “discrete” ones [1], As a rule, only some points on the experimental curve were 
used for analysis: peak height, maximum reaction rate, furnace temperature corre- 
sponding to these points, etc. When most or all of the experimental points were 
used for the analysis, the analytical expression describing the kinetics of the system 
was assigned a priori, which is characteristic of a “discrete” technique. For these 
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methods, an analytical approach is generally considered to be correct if the exper- 
imental data can be linearized satisfactorily (additional information regarding the 
fundamental limitations of this approach can be found in [5]). An evident drawback 
of this technique is the “discrete” nature of the analytical approach, since only a 
small part of the “continuous” information contained in the set of DTA and TGA 
curves is used. 

The use of experimental methods based on the continuous recording of the 
measured characteristics (including all methods based on a programmed heating 
schedule) allows one to obtain more kinetic information and to find an analytical ex- 
pression that describes the studied process kinetics without any a priori assignments. 
Historically DTA and TGA equipment were designed for qualitative chemical anal- 
ysis. Therefore, commercially available devices were not always very convenient for 
experimental studies of kinetics, particularly in relation to problems associated with 
setting up controlled thermophysical conditions in the reaction cell, which are re- 
quired to obtain a correct analytical description of the process. Quite frequently this 
aspect was neglected under the assumption that one can obtain the required quan- 
titative experimental data by decreasing the heating rate and the sample weight. 
However, in many cases, these measures were found to be insufficient [8], 

As a rule, the analytical approach used to determine the kinetic parameters of a 
nonisothermal process from experimental data is based on the solution of the direct 
kinetic problem related to the development of the process. In the case of thermogra- 
phy (and similar techniques), this involves the programmed heating of the reacting 
material. This problem can be solved by employing various assumptions that deter- 
mine the correctness of the applied analytical approach. The analytical approaches 
used can be divided into three groups. 

a) In most works, the linear heating problem (the linear time dependence of the tem- 
perature) is solved by using only one kinetic equation (see for example [9, 10]). 
This approach is quite popular due to the simplicity of the computations involved. 
In this case, the main drawback is the complete neglect of the system self-heating 
(the change in the temperature of the material due to the chemical reaction: posi- 
tive for an exothermic reaction and negative for an endothermic reaction), which 
directly influences the reaction rate. Thus, the effects of heat release during the 
reaction as well as heat exchange parameters (heat-transfer coefficient, heating 
rate, thermal effect of the reaction, sample weight and others) cannot be taken 
into consideration. To improve the situation, a sample weight and a heating rate 
(and some other parameters) corresponding to the absence of self-heating are 
sometimes assigned a priori using purely thermophysical approaches without tak- 
ing into account the heat from the chemical reaction. A quasi-stationary tempera- 
ture lag (A T qs = (i>r 2 /a, where ft) is the linear heating rate, r is the sample radius, 
and a is the sample temperature diffusivity) and the conditions corresponding to 
a small AT qs are selected. 

Such evaluations are possible only for a limited parameter range; in particular 
for low thermal effects which do not result in noticeable self-heating. In the gen- 
eral case, self-heating temperatures can exceed the quasi-stationary temperature 
difference by many times and even by orders of magnitude [8], 
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The question of why one needs to know the heat-exchange conditions if they 
are not used in the experimental technique for determining the reaction rate (for 
example, in thermogravimetry and scanning calorimetry) often arises. In this 
case, the heat exchange parameters are not needed for the direct measurement 
or calculation of the reaction rate. However, information on the heat-exchange 
conditions is required to identify the temperature that the determined reaction 
rate is attributed to. In this case, to achieve the correct quantitative analysis of 
the experimental data, one should ensure that a uniform temperature distribution 
exists over the reaction volume and measure the sample temperature . 

In the general case, the complete elimination of self-heating is not neces- 
sary. However, it is required if the temperature spatial distribution is not uniform. 
Methods for equalizing the temperature and decreasing the self-heating are con- 
sidered below. 

b) The second group includes approaches based on the joint analysis of kinetics and 
heat balance equations written under the assumption of a uniform temperature 
distribution over the reaction volume (see for example [7, 11, 12]). This descrip- 
tion of the studied system is closer to reality and more accurate than the first 
one, provided that a uniform temperature distribution is ensured in the experi- 
ment. The parameter ranges corresponding to a uniform temperature distribution 
cannot be evaluated using this analytical approach. However, comparison with a 
more general case enables one to conclude that it is quite wide. Therefore, the 
heat balance equation combined with the kinetic equation is used as the basis for 
formulating the reverse kinetic problem. 

c) In the third group of approaches, the kinetic equation is analyzed jointly with 
the thermal conductivity equation, which ensures a more accurate and complete 
description of the studied process. In this case, the computation is quite compli- 
cated, even when diffusion and hydrodynamic factors are neglected. The main 
assumption used for this group of approaches is that the degree of conversion is 
independent of the spatial coordinates. The use of this assumption results in a 
significant smoothing of the temperature distribution, which can influence how 
the process characteristics depend on the corresponding parameters. 

In conclusion, let us consider some results from theoretical studies in which the 
spatial distribution of the temperature and the degree of conversion were taken into 
consideration [13, 14]. After the solving for the distributions of the temperature (T) 
and the conversion degree (rj ) in a sample undergoing linear heating, it was shown 
that 

i) For most practically interesting materials (including explosives and blasting pow- 
ders), the critical rates are quite low, even for small samples. In other words, small 
samples inflame at almost all of the heating rates used in standard DTA and TGA 
devices and scanning calorimeters (ft) « l-100°C/min). 

ii) At standard conditions for thermogravimetric experiments, the degree of nonuni- 
formity of the temperature distribution in a sample, evaluated using the sample 
weight on the basis of the “nonstationary” temperature difference, is significantly 
underestimated and as a rule should not be used in kinetic analysis. 
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In [ 13, 14], the complete set of equations describing the macrokinetics of exothermic 
and endothermic decomposition upon linear heating was considered and the funda- 
mental role of the degeneration parameter used in the thermal explosion theory (the 
Todes number) 

_ cp RT 2 
7 Q E ’ 

where 7’ is the critical temperature of the thermal explosion under stationary con- 
ditions (that is, T = const), was quantitatively analyzed. 

Some other results from [13] and [14] relating to thermographic studies of sys- 
tems with high values of the degeneration parameter y are discussed in the following 
sections. 


6.2 Methods of Equalizing the Temperature and Decreasing 
Self-Heating: Mechanical and Thermal Dilution 

Let us consider methods that ensure the correctness of the experimental data on re- 
action kinetics obtained under programmed heating. As was mentioned above, com- 
mercially available devices are not designed to study reaction kinetics. Therefore, in 
the general case, one cannot clearly identify the heat exchange conditions between 
the environment and the experimental cell based on its design. This complicates the 
quantitative analysis of the experimental data and markedly decreases the accuracy 
of the estimated kinetic parameters. Special approaches that are intended to improve 
this situation are proposed in [7, 11, 15, 16, 17], For example, in an experimental 
study of the kinetics of reaction in solution [11], the liquid reacting system was vig- 
orously stirred. This allowed the process to be described by a set of equations in 
which averaged characteristics were used. For obvious reasons, this method cannot 
be applied to solid materials, including components of composite solid propellants. 

Another approach based on the use of an experimental cell characterized by very 
weak heat dissipation into the environment is proposed in [7], In this case, the tem- 
perature distribution over the reaction volume is quite uniform for liquid and solid 
systems. However, the use of this method does not exclude thermal explosion for 
highly exothermal reactions and, hence, it does not widen the extremely narrow 
range of measurable reaction rates. 

A method of equalizing the temperature based on the use of very light samples 
(several pg) cannot be considered to be universal. It cannot be applied to study the 
kinetics of heterogeneous systems containing coarse particles (fractions of mm), 
including composite solid propellants. However for the study of “liquid-fine solid” 
systems that react with low heat release, a combination of the methods proposed in 
[7] and [11] may be quite promising. 

In [15, 16, 17] we proposed an approach that not only ensured low coefficients 
of heat exchange between the sample and the thermostat, but that also equalized the 
temperature and at the same time decreased the self-heating via significant ballasting 
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(“dilution”) of the reactant with an inert compound (the "diluent”) with a high ther- 
mal conductivity. This approach is characterized by a number of advantages. 

Firstly, the possibility of thermal explosion for exothermal reactions is com- 
pletely eliminated (a transfer to completely degenerated modes takes place due to 
increasing y). This allows one to study processes with higher thermal effect at higher 
temperatures and to use standard thermal analysis heating rates. 

Secondly, the calculations result in relatively accurate results due to the almost 
complete elimination of temperature gradients. 

Thirdly, the thermophysical characteristics of the studied material are not re- 
quired, since the heating conditions are determined by the properties of the diluent. 
In nonisothermal kinetic experiments, the change in the sample composition cannot 
be described analytically, even if the expression describing the reaction kinetics is 
available. Therefore, the thermophysical characteristics of the sample material can- 
not be taken into account quantitatively. This circumstance is an additional argument 
in favor of the methods developed by us. Besides, a reference substance for use in 
DTA is not required, since the role of this substance is played by the diluent. 

Two methods of dilution were developed: “mechanical” and “thermal.” In the first 
method, the reagent is blended with powder of the heat-conducting chemically inert 
diluent and placed into a vial. In the second one, a thin (<1 mm) layer of reagent is 
placed between heat-conducting blocks (Fig. 6.1). 

The first method is applied for the study of homogeneous solid and liquid mate- 
rials, while the second one is used for homogeneous and heterogeneous condensed 
materials. In both cases the diluent is used as a reference substance. The size and 
shape of the reference cell are similar to those of the working cell. A typical dilution 
ratio used is 1/100 (which does not affect the accuracy of TGA data recorded in the 
experiments using analytical adjusted beam scales). 

The diluent should not exhibit any catalytic behavior in the studied reaction. This 
condition is especially important in case of mechanical dilution, since the reagent- 
diluent contact area is very large. In the case of thermal dilution, the contact area 
is relatively small, and the catalytic effect of the heat-conducting blocks can be ne- 
glected. In some cases, to completely eliminate the influence of the block material, 
thin layers of inert insulator (for example, mica) can be placed between the sample 
and the blocks. Obviously, a high degree of ballasting results in output signal de- 
pression. However, this problem can be resolved by using commercially available 
photovoltaic amplifiers. 


Fig. 6.1a-b Schematic 
illustrating "mechanical" (a) 
and "thermal" (b) dilution of 
a reagent with an inert 
compound in thermography; 
1, working cells; 2, reference 
cells; 3, reagent; 

4, differential thermocouples 
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6.3 Estimation of Kinetic Constants from DTA-TGA Data 
Obtained by Dilution-Based Techniques 


Let us consider the heat balance for the thermograph cells shown schematically in 
Fig. 6.1. 

For the working cell 

(CM + cm) d ( T ”* + AT ) = Qm d ^ _ aS [ (7ref + at)- To}. (6.1) 
For the reference cell 

dT f 

CM ^ = -aS(T ref -T 0 ), (6.2) 

with the initial conditions t = 0, 7 re f = Tq = 7bi n , AT = 0, l] = 0, where 7i )m is the 
initial temperature of the oven wall, T re f is the reference substance temperature, C 
and M are the heat capacity and weight of the reference substance, while c and m 
are the heat capacity and weight of the reagent. 

Subtracting Eq. (6.2) from Eq. (6.1) and using inequality CM <C cm, one obtains 
the following original equations for the DTA signal: 

d(AT) dir 

CM— - = Qm— - aSAT, (6.3) 

dt dt 


dr] 

dt 


>)(T,ri), 


(6.4) 


with the initial conditions t = 0, AT = 0, rj = 0. 

Equation (6.3) is strictly valid for a static (isothermal) mode. In this case, the tem- 
perature dependence of the thermophysical parameters of the cell can be neglected 
under the assumption that C = const and a = const in the experiment. Under the 
conditions of programmed heating (dynamic modes), instead of Eq. (6.3) one can 
write 


, N d(AT) dt] , s 
C(T)M—-^— = Qm-± - a(T)SAT 


(6.5) 


with the same initial conditions. 

Integration of the left hand side of Eq. (6.5) with respect to t over the interval 
O-Zend (the moment at which the process ends, when rj « 1) using the tabular temper- 
ature dependence of the inert substance (intermediate mathematical manipulations 
are omitted) 

C(T) = a + bT, (6.6) 


gives, for dynamic heating with rate T' = ft), 


M [ C(T) d ( AT ^ dt = M cob 
J dt 

o 


^end 

J ATdt. 

o 


(6.7) 
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The corresponding expression for the thermal effect is 


Q 


1 

m 


^end 

j [a(T)S-M cob\ATdt. 
o 


(6.8) 


Expressions for the reaction rate and degree of conversion (omitted for the sake of 
brevity) also contain a correction term Mcob that can be neglected in practice. Since 
for commonly used diluents (Al, AEO3, SiOi and others), the value of parameter b 
in Eq. ( 6 . 6 ) is lower than or equal to 4 x 1 0 3 J deg ~ 2 g 1 , the following inequality 
is always valid for moderate heating rates (ft) < 1 0 deg min~ 1 ) : 


Mcob 

a(T)S 


« 1 . 


Thus, in contrast to the temperature dependence a = Cx(T) (which is determined in 
a special experiment as Sa(T), where S is the heat-exchange surface; see Chap. 7), 
C = C(T ) can be neglected in the calculation of Q, 77 and f| . In this case, the diluent 
heat capacity C(T) corresponding to the average experimental temperature T can be 
substituted into the formulae. 

Thus, to obtain an intermediate data array including the thermal effect ( Q ) and 
sets of values for the temperature (T), conversion degree (rj) and reaction rate ( 77 ) 
for a certain time (f), one should measure the time dependence of the DTA signal 
AT = AT(co,t) and that of the reference substance temperature 7 re f = T K ((0).t). 

After differentiating AT = AT (cod) with respect to time, Q and 1) = rj (T, 77 ) can 
be obtained via the following set of equations derived from Eqs. (6.3) and (6.4): 


Q=- 

m 


n = ri(co,t ) = 


Qm 


- [ a(T)SATdt , 
m, J 

t 

J a{T)SATdt 


MCAT 


f] = f](co,t) =— [MC(AT) + a(T)SAT] . 


(6.9) 

(6.10) 

(6.11) 


Since the relationship T = T le f + AT = T(co,t) is known, Eqs. (6.10) and (6.11) can 
be considered a parametric form of the kinetic equation. Indeed, the dependence 
f] = f] (T. t] ) can be obtained by eliminating ft) and t from them. 

Let us graphically illustrate the described analytical approach. The experimental 
DTA curves (AT = A T(co,t)) obtained for various linear heating rates (ftj| , ( 02 , ft);) 
and corresponding plots of the working cell temperature against time (T = T(co,t)) 
are shown in Fig. 6.2a,b. Analysis of these data using Eqs. (6.10) and (6.11) yields 
the time dependencies of the conversion degree (77 = 77 (ft), t)) and the reaction rate 
( 7 7 = I] (co.t)) for the same linear heating rates (Fig. 6.2c, d). Drawing a straight 
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a 


b 


c 


d 


Fig. 6.2a-d Plots used to obtain the kinetic equations. AT = A T(co,t) (a), T = T((0,t) (b), rj = 
U{(0,t) (c),f} = f](m,t) (d) 


line rj = /](, = const yields i points with abscissas t \ , t 2 , t\. Each abscissa t, corre- 
sponds to one value of 7] and rj, (Fig. 6.2b, d). Thus one obtains a locus of points 
in the i] — T coordinates that form a plot of ij, against T. Since each value of !]i , 
rj 2 , Hk corresponds to the curve i] (T), one obtains a set of k curves I] = i)(T) at 
t] = const representing the graphical form of fj = t](T. /]) (Fig. 6.3a). The number 
of experimental points on the f] (T) curve at /] = const equals the number of exper- 
iments i for various heating rates ft);. For processes that comprise one stage overall, 
data (Fig. 6.3a) can be presented as an Arrhenius anamorphosis in In ij — T 1 (K 1 ) 
coordinates at t] = const (Fig. 6.3b). The temperature interval for the dependence 
f| = f] (T . t] ) can be widened by extrapolation (dotted lines in Fig. 6.3b). 
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Fig. 6.3 Plots used to obtain 
kinetic equations, l) = i](T) 
at rj = const (a, b), f) = ( 7 ( 17 ) 
at T = const (c) 




The set of curves presented in Fig. 6.3a, b can also be obtained using a different 
method. By drawing horizontal lines at T = Zj = const in Fig. 6.2b, one can deter- 
mine 77 and 77 at corresponding time Z] and plot j isothermal curves of 77 = 77(77) 
at T = const (Fig. 6.3c). The number of points on these curves is also equal to 
the number of experiments i at various heating rates ft);. From experience of nu- 
merous computations, the first method of determining the function 77 = 77 ( 7 ", 77) is 
more convenient, while the second technique allows one to obtain the <p(r) ) function 
directly. 

To further analyze the 77 (T) dependencies at 77 = const or the 77 = 77(77) de- 
pendencies at T = const, standard chemical kinetics methods are used (an equation 
describing these dependencies is selected, the parameters of the equation are deter- 
mined; the kinetic equation obtained corresponds to known reaction types or it is 
purely empirical). 

The proposed method of nonisothermal data recalculation for isothermal con- 
ditions in TGA experiments is significantly simpler. From the experimental data 
on T = T(co,t) (the temperature measured in the working cell) at various ft), 
(Fig. 6.2b, c) and the corresponding dependencies 77 = 77 (o).tj [the time derivatives 
of dependencies 77 = rj(o).t). Fig. 6. 2d], one can easily obtain the dependencies 
77 = 77 (T. 77 ) (Fig. 6.3a) using the described method, etc. 

To conclude, let us consider some aspects of the applicability of the proposed 
experimental and analytical methods. The experimental data can be considered cor- 
rect if f r fh, where t r is the characteristic reaction time and q, is the cell thermal 
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relaxation time. In the first approximation, ?h can be assumed to be equal to the set- 
ting time for quasi-stationary heating f quas ; (if the DTA curve is approximated by a 
set of line sections corresponding to various heating/cooling rates). For typical cells 
and samples (see Chap. 7), one finds by using expressions for nonstationary heat 
transfer [18] that f quas ; « 0.8-1 s. In other words, the method is valid for studying 
reactions characterized by reaction times of 10 s or longer. 

To exclude the self-inflammation of a sample undergoing linear heating, the 
reagent should be significantly diluted with an inert compound (m < 10 -2 ). How- 
ever, sample self-inflammation can happen if the particle diameter d (in the case of 
mechanical dilution) or the layer thickness / (in the case of thermal dilution) is 
not small enough. According to estimates obtained using methods related to the 
dynamic theory of thermal explosion [8] (Table 6.1), the critical heating rates for 
self-inflammation of dinitroxydiethylnitramine (DINA) and nitrocellulose notice- 
ably exceed the maximum heating rates used during DTA with d < 2 x 1 0 2 cm 
and / < 3 x 1 0 2 cm. The mechanical dilution method was thoroughly studied by 
Barzykin [21], who showed that for a hundredfold dilution of nitrocellulose with 
aluminum oxide, the maximum temperature difference between the central part of 
the cell (0.6 cm in diameter) and its wall is still smaller than the quasistationary 
temperature drop (equal to 0.09°C) at ft) = 20 deg min . 

The applicability of nonisothermal methods to the study of complex (multistage) 
reactions is not discussed here (some additional information on this topic can be 
found in [5]). The analytical approach described in this chapter can be used to study 
a wide range of gross one-stage processes described by one kinetic equation (for ex- 
ample, simple n-order, reversible and self-catalyzed reactions). It can also be useful 


Table 6.1 Critical rates of linear heating for mechanical and thermal dilution 


Compound 


DINA 


Nitrocellulose 


Dilution type 


Kinetic equation [reference] 


t) = 4.3 x 10 18 exp - 


45000 \ 


RT 


1(1 — p) [19] 


V = 10 19 exp (^- 4 ^° j (1 - h)+ 

+ 10 12 exp^-i-^^j n(l-rj) [20] 


Mechanical Thermal 

d = 0.02 cm / = 0.03 cm 
AI2O3 A1 


Critical rates, 

°C min- 

1 

^qs 


^qs 

®pi 

300 

109 

64 

24 

310 

113 

157 

58 


Here C0 qs and CO*; are the critical heating rates under the quasistationary and pseudoisothermal ap- 
proximations, respectively (the values of the critical rates shown here are approximate and limiting, 
CO* > (O* > CO*;, where CO* is the true critical rate value). 
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when the reaction stages are clearly separated (the DTA peaks are clearly spaced) 
and can be treated as independent reactions. 
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Chapter 7 

Equipment for Studying Kinetics 
During Linear Heating 


Abstract Several DTA and TGA instruments used to study the kinetics of fast high- 
temperature reactions in condensed phases of energetic materials over a wide range 
of temperatures and pressures are described. The design of new experimental cells 
used in original approaches to the “thermal and mechanical dilution” of the sample 
with inert heat-conducting material is discussed in detail. Due to the special cell 
design, the sample is spatially isothermal and even very fast exothermal reactions 
do not result in self-inflammation. The use of the special cell in combination with 
commercial DTA, TGA and DSC instruments allows one to increase the upper limit 
of measurable reaction rates by several orders of magnitude. 


7.1 Thermographic Instruments 

Two types of setups have been used in DTA experiments: the special thermograph 
T-l (Fig. 7.1) and the universal thermographs T-2 and T-3 (Figs. 7.2 and 7.3). 

Thermograph T-l can be used in experiments at atmospheric pressure and in 
vacuum (10 5 Pa > P > 10 Pa), while the universal thermographs T-2 and T-3 can 
also be used at elevated pressures (3 MPa > P > 10 Pa). The thermographic setups 
consist of a thermograph, a recording system, a pressurizing system, a temperature 
programming unit (TPU), a set of working cells, and instruments for sample prepa- 
ration (sieves, grinding mills, cutters, etc.). 


7.1.1 Thermographs 

The main unit of thermograph T-l (Fig. 7.1) is an aluminum cylinder 70mm in di- 
ameter, 180 mm long (5) with two symmetrical holes for cells and working thermo- 
couples. Heater 6 and the reference chromel-alumel thermocouple 7 (the junction 
of which is separated from the heater by a thin layer of mica) are fixed onto the 
lateral surface of the cylinder. To diminish outward heat losses, the heater is cov- 
ered with a glass cloth and placed into a ceramic casing. Chromel-alumel working 
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Fig. 7.1 Schematic diagram 
of thermographic setup T-l: 
1, thermograph; 2, 
pressurizing system; 3, 
temperature programmer; 4, 
registration unit; 5, 
thermograph block (A1 
cylinder); 6, heater; 7, 
reference thermocouple; 8, 
working cell; 9, centering 
ring plate; JO, working 
thermocouple; 11, protective 
casing 


Fig. 7.2 Schematic diagram 
of thermographic setup T-2: 

1, thermograph; 2, 
pressurizing system; 3, 
temperature programmer; 4, 
registration unit; 5, system for 
casing manipulation 




water 



thermocouples 10 are inserted into the holes in the block and centered in the cylinder 
via ceramic and aluminum ring plates 9. These act as thermal barriers, preventing 
heat losses from the cells via the thermocouple wires. This is extremely important 
in DTA with dilution, since the heat released in a working cell is not very high. 

The working cells 8 are mounted on the thermocouple junction. The ends of the 
thermocouples are placed into thin (1 mm in diameter) porcelain two-channel tubes, 
while the thermocouples themselves are placed in thicker (3 mm in diameter) tubes. 
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Fig. 7.3 Photo of thermographic installation T-3 


The working thermograph T-2 unit (Fig. 7.2) is placed into a thick-walled cylin- 
drical stainless steel split casing used as a heater. A heating coil and a control ther- 
mocouple are attached to the external surface of the upper part of the casing, which 
can move vertically, providing easy access to the cells. The thermocouples are cen- 
tered using ring plates (thermal barriers). The thermocouple outputs are sealed with 
Teflon powder. The upper part of the casing is tightly attached to the lower part with 
three link bolts. The sealing interface is cooled with flowing water. 


7.1.2 Pressurizing System 

The required working atmosphere is provided by a pressurizing system consisting 
of a cylinder with inert gas, a vacuum pump, a receiver, valves, and regular and 
vacuum manometers. 


7.1.3 Experimental Procedure 

In the experiments, the following parameters are continuously recorded by a com- 
puter or a multiple-point potentiometer: the DTA signal, the working cell tempera- 
ture and the heater (cylinder) wall temperature. The DTA signal was amplified by 
a microvoltmeter/microammeter (7) connected to a computer and an electronic po- 
tentiometer via a resistance box (2) (Fig. 7.4). The scale interval of the recorder was 
in the range of (0.75-1.5)x 10~ 2 deg mm -1 , depending on the preset resistance. 
Potentiometers equipped with constant-voltage power supply units were con- 
nected to the circuit to measure the heater and working cell temperatures. The po- 
tentiometers ( 3 , 4 ) were connected to the thermocouples, which ensured that highly 
accurate temperature measurements were obtained (the recorder scale interval was 
equal to 0.3 deg mm 1 ). In thermograph T-3 this procedure was automated using an 
automatic potentiometer designed on the basis of a step-by-step selector. 
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Fig. 7.4 Scheme of the data 
recording in DTA: 1, 
microvoltmeter/ 
microammeter; 2, resistance 
box; 3 and 4 , potentiometers 


Dewar vessel 



to the electronic potentiometer 


7.1.4 Working Cells 

The working (reaction) cells used in the DTA experiments with thermal dilution and 
the TGA experiments are almost identical; see Fig. 7.5 ( 1 , 2). 

The working cell consists of a thin-walled (0. 2-0.4 mm) aluminum or stainless 
steel cylinder 7 mm in diameter with a hole or a curling in the bottom (a) and two 
aluminum cylinders (b). The sample, in the form of a thin (0.2-0. 4 mm) layer of 
powder (homogeneous compounds, model mixtures) or a thin disk (composite solid 
propellants), is placed between the strictly parallel ends of the aluminum cylinders. 
Tight sample-cylinder contacts are achieved by using a forcing screw or a bayonet 
lock. Gaseous decomposition products are removed through a number of channels 
(0.6 mm in diameter) in the cylinders. 

The reaction cell used in the experiments with mechanical dilution (see Fig. 7.5 
(. 3 )) is similar to a standard thermographic cell. 



Fig. 7.5 Schematic diagrams of the reaction cells: 1 and 2, for thermal dilution in DTA and TGA 
(a, sample; b, Al; c, bayonet lock); 3, for mechanical dilution in DTA (a, sample particles; b, 
diluent powder) 
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7.2 Thermogravimetric Instrument 


The thermogravimetric setup was based on computer-assisted high-accuracy (2 mg 
scale range) thermogravimetric scales (thermo-scales) [1] combined with a system 
for cell (sample) temperature registration and a temperature -programming device 
(Fig. 7.6). Due to the weight change compensation system used in the thermo-scales 
(a balancing solenoid affects a magnet that is rigidly connected to the sample and the 
weight beam), the position of the cell (suspended on a thread) is constant. Therefore, 
measuring the cell temperature using a thermocouple does not affect the recording 
of changes in weight. The temperature measurement procedure is similar to the one 
described in Sect. 7.1.3. 


Fig. 7.6 Scheme of 
thermogravimetric setup: 1, 
sample (working cell); 2, 
solenoid coil; 3, solenoid 
core; 4, photosensor; 5, 
registration unit; 6, control 
unit; 7. temperature 
programmer 


thermo-scales 



7.3 Temperature Programmer 

Linear heating of a sample can be performed experimentally by various means. The 
simplest method is based on changing the temperature linearly in a liquid thermo- 
stat at a constant contact thermometer magnetic head rotation rate [2]. However 
this method can only be applied over a narrow temperature range. A number of ap- 
proaches that provide linear heating across a wide range of temperatures with high 
accuracy are described in [3, 4, 5], In [3], the temperature difference between the 
internal and external surfaces of the oven wall was kept constant during the heating. 
In this case, one junction of a differential thermocouple is located on the internal 
wall, while the other one is placed near the heater. The heating rate can be changed 
by controlling the signal from the differential thermocouple by setting a contact gal- 
vanometer limiter or by moving dial galvanometer photocells. The heater power is 
controlled in the relay mode by using two photorelays, or smoothly by using an 





116 


7 Equipment for Studying Kinetics During Linear Heating 


autotransformer connected to a reversible electric motor. The methods described in 
[4, 5] are based on a null control principle (astatic system). Voltage variations in a 
Pt thermistor corresponding to the changes in the thermostat temperature are com- 
pared (using the galvanometers and photorelays) with the scheduled voltage on the 
heating rate sensor. In [5], a thyristor-based circuit was used instead of standard 
photorelays. 

In our experiments, a temperature programmer for linear heating (a follow-up 
system with proportional-plus-floating control and an electronic heating rate sensor) 
designed based on previous experience was used (Fig. 7.7, Table 7.1). 

The computer-assisted heating rate sensor (CHS) generates a varying voltage 
which corresponds to a change in the chromel-alumel thermocouple voltage during 
linear temperature growth at a preset rate, ft). This voltage is added to the thermo- 
electric voltage of the reference thermocouple (of the opposite sign) installed near 
the thermostat heater. The resulting voltage is received by an amplifier (null device). 
If an imbalance occurs, the current in the heater circuit is adjusted by a reversible 
electric motor connected to an autotransformer cursor until the thermoelectric volt- 
age becomes equal to the CHS voltage. Thus the reference thermocouple voltage is 
constantly compared with the CHS voltage, which results in the linear growth of the 
heater temperature for a wide range of temperatures and heating rates (this method 
can also be applied to the linear cooling of a sample). 


Fig. 7.7 Scheme of 
temperature programmer: 1, 
computer-assisted heating 
rate sensor (CHS); 2, control 
thermocouple; 3, dc 
amplifier; 4, reversible motor; 
5, autotransformer; 6, heater 



Table 7.1 Technical characteristics of the temperature programmer 


Working temperature 

40-600° C 

Heating rate 

0.1-20 deg min -1 

Maximum heating nonlinearity for chromel-alumel 

±1% 

Maximum heating power 

lkW 

Supply voltage 

220 V 
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Chapter 8 

Application of Modified DTA and TGA 
to Studies of High-Temperature Decomposition 
Kinetics of Homogeneous Compounds 


Abstract Some results from studying the kinetics of fast high-temperature exother- 
mal reactions in homogeneous energetic materials (nitrocellulose, ammonia copper 
chromate and ammonium perchlorate (AP)) using DTA and TGA are presented. 
In the experiments, specially designed cells (described in Chap. 7) were used. In 
these cells, the sample is spatially isothermal and even very fast exothermal reac- 
tions cannot cause self-inflammation. Maximum temperatures corresponding to the 
measured reaction rates and kinetic constants are close to those in the reaction zone 
near the burning surface. Taking the decomposition of nitrocellulose as an exam- 
ple, a stage characterized by high activation energy is shown to dominate at high 
temperatures, while at low temperatures its role is negligible. The kinetic mecha- 
nism of the high-temperature decomposition of AP is shown for the first time to 
be identical to that for low-temperature decomposition. However, the macrokinet- 
ics of the high-temperature decomposition of AP is found to differ qualitatively 
from that of the low-temperature process. This can be explained by the occurrence 
at high temperatures of dissociative sublimation at thermodynamic equilibrium. 
This effect should be taken into account when analyzing the mechanisms of high- 
temperature processes such as the ignition and burning of AP-based solid rocket 
propellants. 

The application of thermal and mechanical dilution methods to studies of the de- 
composition kinetics of homogeneous (individual) compounds is illustrated for ni- 
trocellulose (a typical blasting powder), ammonia copper chromate (which decom- 
poses with the formation of copper chromite, an efficient combustion catalyst, and a 
component in a number of commercial solid propellants) and AP (the main oxidizer 
used in modern composite solid propellants). 


8.1 High-Temperature Decomposition of Nitrocellulose 

Experimental and calculated data on the high-temperature decomposition of nitro- 
cellulose obtained using TGA are presented in Figs. 8 . 1-8.4. The experiments were 
carried out in air at atmospheric pressure using installation T-l. For the mechanical 
dilution of nitrocellulose ( MC/mc ss 100), burnt AFO 3 powder was used (the use of 
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Fig. 8.1 Thermograms of 
the high-temperature decom- 
position of nitrocellulose at 
heating rate ro = 12 (1), 9.5 
(2), 6.2 (5), 4.9 (4), 2.8 (5) 
deg min -1 


A T,°C 



Fig. 8.2 Plots of the non- 
isothermal rate of nitrocellu- 
lose decomposition against 
the conversion degree at 
0) = 12 (1), 9.5 (2), 6.2 (3), 
4.9 (4), 2.8 (5) deg min- 1 


dr|/dx (x, min) 




8. 1 High-Temperature Decomposition of Nitrocellulose 

\g{dx\! dx) + 4 
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Fig. 8.3 Plots of the nonisothermal rate of nitrocellulose decomposition against the temperature at 
77 =0.1 (a), 0.2 (b), 0.4 (c), 0.6 (d) for dilution with AI2O3 ( circles ) and SiOi ( crosses ) 


Fig. 8.4 Plot of k\ against the 
temperature 



2.0 2.05 2.1 2.15 2.2 

T~\ 10 3 K“' 


SiCh as a diluent barely affected the decomposition). The decomposition was found 
to occur in two stages. 

The first stage is characterized by relatively high reaction rates (the heat release is 
about 2.7 kJ/g of the reagent). In the second stage, decomposition of the condensed 
residue occurs with significantly lower (by about two orders of magnitude) rates. 
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Table 8.1 Summarized data on the rate constants for the initial stage of nitrocellulose decomposi- 
tion 


Method 

Temperature 
range, °C 

Rate constant, k\ , s 1 

Reference 

Isothermal calorimetry 

140-165 

10 18 exp(— 47000/RT) 

HI 

Self-inflammation of 
particles 

223-255 

5.6x 10 18 exp(— 48500/RT) 

[2] 

Ignition with gas flux 

290-350 

5.5 x 10 18 exp(— 48000/RT) 

[3] 

Ignition at contact 
with hot block 

212-242 

2.1 x 10 18 exp(— 48000/RT) 

Sect. 5.3, 

[4] 

Thermography with 
dilution 

182-217 

6x 10 18 exp(— 47000/RT) 

Sect. 8.1, [5] 


The dependence of the effective activation energy on the degree of conversion 
(E = 196 kJ mol 1 at rj = 0.05-0.2; E = 1 25 kj mol 1 at rj = 0.6) indicates that 
the process is complex. Comparison of literature data on the kinetic constant for 
the first stage of the decomposition of nitrocellulose, k \ , with experimental data 
obtained using DTA was of significant interest. 

Nitrocellulose decomposition can be described by an equation for a self-catalyzed 
first-order reaction up to rj ss 0. 3-0.4 [1], Therefore, the isothermal data (on f] as a 
function of rj up to rj = 0.2) obtained by processing the DTA data were linearized in 
the lg [fj /(I — rj)] — 7] coordinates. The resulting Arrhenius plot for the temperature 
dependence of k\ is given in Fig. 8.4. 

Kinetic constants for the first stage of the thermal decomposition of nitrocellulose 
obtained by different methods are presented in Table 8.1. The experimental and 
literature data are in good agreement. 

The temperatures reached in the nitrocellulose self-inflammation and ignition 
experiments are higher than those that are characteristic of DTA with dilution. 
However, this method yielded a formal kinetic expression for high-temperature ni- 
trocellulose decomposition (fj = I] (rj . 7’j), which cannot be obtained using self- 
inflammation and ignition methods. 


8.2 High-Temperature Decomposition of Ammonia 
Copper Chromate 

The copper chromite catalyst SIAC-105, developed at the State Institute of Applied 
Chemistry (St. Petersburg, Russia), is widely used in the technological process for 
polyol (C 7 -C 18 ) production (in particular, for ester hydrogenation) and as a compo- 
nent in some composite solid propellants. The activity of this catalyst depends on 
the conditions of the thermal decomposition of the initial reagent (ammonia copper 
chromate). The kinetic parameters and thermal effect of ammonia copper chromate 
(ACC) decomposition are important factors in reactor design. They were determined 
by thermographic experiments using the mechanical dilution of ACC (MClmc ss 
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Fig. 8.5 Thermograms of 
ACC decomposition at CO = 
1.5 (1), 2.4 (2), 3.4 (5), 4.5 
( 4 ), 6.6 (5) degmhC 1 


AT,°C 



100, diluent: burnt AI 2 O 3 or SiCH powder) in N? gas, air and vacuum. DTA-curves 
for ACC decomposition at a pressure of 13 Pa are presented in Fig. 8.5. 

The dependencies f] = f]('f ') corresponding to certain values of rj were lin- 
earized in semi-logarithmic coordinates (Fig. 8 . 6 ). The corresponding effective ac- 
tivation energies were found to be almost constant f tr ~ 1 12.5 kJ mol '). 

The experimental data were analyzed by a method described in Chap. 6 . As a 
result, it was shown that ACC decomposition for rj of up to 50-60% can be quite 
well described by the following expression for a self-catalyzed first-order reaction: 

n = ^(1 — t?)+M(i-f?)- 


The expressions for the rate constants k\ and k 2 (Fig. 8.7) are 


ki = 10 


,7.7±0.8 


exp 


28000 ±1500 
R T 


, k 2 = 70A'i . 


(8.1) 




1.74 1.82 1.90 




1 9 1 1 1 1 1 — 

" 1.72 1.80 1.88 


Fig. 8.6 Plots of ACC decomposition rate against the temperature at rj = 0.1 (a), 0.3 (b), 0.4 (c), 
0.6 (d) in vacuum at P = 13 Pa ( circles ) and in No gas at the atmospheric pressure (crosses) 
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Fig. 8.7 Plots of the decom- 
position rate constants k\ ( 1 ) 
and k 2 (2) against the temper- 
ature 



1.80 1.85 1.90 1.95 7 ,_1 ,10 3 K~ 1 


In the case of ACC thermal decomposition in N 2 gas and air at atmospheric pressure, 
the gaseous reaction products inhibit the decomposition, while stimulating gas re- 
moval results in accelerated decomposition. For example, the decomposition rate at 
a pressure of 13 Pa is approximately two times higher than that at atmospheric pres- 
sure (Fig. 8.6). This result is in good agreement with data [6], which also indicate 
that the rate of ACC weight diminution in He flow is significantly higher than those 
in Ni gas or Ar. The thermal effects of ACC decomposition in vacuum (P = 13 Pa) 
and No gas are almost identical (Q = 27 1 ± 2 1 ,1 g 1 ), while in air it is higher due to 
secondary oxidation reactions (Q ~ 458.1 g 1 ). 


8.3 High- Temperature Decomposition of AP 


The decomposition of AP has been actively studied for many years. However, most 
of the data available in the literature corresponds to low-temperature decomposition 
( T < 240°C), while works on high-temperature decomposition are few in number, 
and the data are often controversial. 


8.3.1 Experimental Study of AP High-Temperature 
Decomposition Kinetics 

AP decomposition was studied by the methods of DTA and TGA with thermal dilu- 
tion in N 2 gas for a sample (10-25 mg) temperature in the range 290-450°C and a 
heating rate in the range 1-10 deg min~ 1 . The samples were prepared from commer- 
cial AP (thermograms obtained for samples prepared from AP doubly recrystallized 
from water and from commercial AP were identical). 

The process rate was found to be significantly affected by the cell material, the 
pressure in the cell and the conditions of gas removal. The maximum catalytic 
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Fig. 8.8 Thermographic 
curves for heat evolution 
at AP decomposition in work- 
ing cells made of duralumin 
(1), stainless steel (2) and alu- 
minum (3) (thermal dilution, 
0 ) = 6degmin~ 1 ) 


x —1 — 1 

q, Jg s 



t;c 


activity (comparing duralumin, stainless steel, Al) was exhibited by duralumin, and 
the minimum by Al (Fig. 8.8). In the case of the Al cell, the catalytic effect can be 
neglected since the thermograms obtained are identical to those obtained using the 
cell in which the sample is isolated from the metal by thin mica plates. 

The experimental thermograms and TGA curves are presented in Figs. 8.9 and 
8.11. The corresponding dependencies of the nonisothermal reaction rate, fj , on the 
conversion degree, rj, are given in Figs. 8.10 (DTA) and 8.12 (TGA). 

Data obtained from the DTA and TGA curves for rj = const are presented in 
lg f| — ( 1 /T) coordinates (Fig. 8.13). Jacobs and Russel-Jones found that the AP 
particle size does not influence the decomposition rate at temperatures above the 
phase transformation point (240° C) [7], The temperature dependencies of fj at rj = 
const for uniform AP samples with effective particle sizes of 200 pm and 50 pm are 
given in Fig. 8.13. One can see that the AP particle size (at least, within the indicated 
limits) does not affect the AP high-temperature decomposition rate, which agrees 
with the literature data mentioned above. The values of the effective decomposition 
activation energy obtained by analyzing the data shown in Figs. 8.10 and 8.12 are 
almost constant and equal to 127-133 kJmoD 1 for the entire range of the degree 
of conversion. The constant nature of the effective activation energy indicates that 
the analytical approach used is correct (see Chap. 6 and review by Merzhanov [8]). 


Fig. 8.9 Thermograms of the 
high-temperature decomposi- 
tion of AP at O) = 1.05 (i), 
1.5 (2), 5.0 (3), 7.4 (4), 10.0 
(5) deg min _1 


AT,°C 



T° C 
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Fig. 8.10 Plots of the non- 
isothermal rate of AP decom- 
position (DTA with thermal 
dilution) against the conver- 
sion degree at to = 10.0 ( 1 ), 
7.4 (2), 5.0 (5), 1.5 ( 4 ), 1.05 
(5) deg min _1 


dx\/dx, min 




The nonisothermal reaction rates obtained by DTA and TGA are in a very good 
agreement within the experimental accuracy (Fig. 8.13). 

The results of the analysis of the experimental nonisothermal data and the 17 ( 17 ) 
dependencies (Fig. 8.14) recalculated for isothermal conditions (see Sect. 4.3) 
clearly indicate the existence of two stages in AP high-temperature decomposi- 
tion. The first stage (“fast”) is characterized by relatively low conversion degrees 
(17 < 0.1-0.15), while the second one (“slow”) takes place at higher conversion 
degrees (17 > 0.15-0.18). The “fast” decomposition can be described by a kinetic 
equation for a first-order reaction with activation energy E\ = 1 33 ± 4 kJ mol 1 . The 
data on k\ (Fig. 8.15) obtained are in a satisfactory agreement with the literature data 
[10, 9] obtained by different (isothermal) methods based on weight decrease and the 
evolution of gas. 

The expression for k\ remains constant at temperatures from 200 to 450°C, which 
implies that the mechanism for the “fast” AP decomposition does not change in this 
temperature range, although the contribution from each stage changes. 

The reaction order of the “slow” stage is 0.5 (Table 8.2 and Fig. 8.16), and its 
activation energy is Ei = 133 ±4kJmol ~ 1 (Fig. 8.17). 
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Fig. 8.11 Thermogravimetric 
curves for the decomposition 
of AP at ft) = 6.3 (7), 5.8(2), 

3.6(3), 2.9 (4), 2.1 (5), 1.5 (6) 
deg min -1 




The data on &2 obtained by the DTA and TGA methods were compared with 
literature data obtained by methods based on linear pyrolysis (Chap. 3) and the 
weight decrease under isothermal conditions [9]. Jacobs and Russel-Jones used a 
so-called “contracting sphere’’ equation 

1 - (1 — n) 0 5 = kit (8.2) 

to describe the second stage thermal decomposition kinetics (at 305-380°C) on the 
basis of data on the decrease in the sample weight [11]. It can be shown that the 
only difference between Eq. (8.2) and the expression 

77 = * 2 (1 — T 7) 05 (8.3) 

used in our work is the constant factor 0.5 on the right hand side of (8.2). Taking 
this factor into account, one can see that the data on ki given in [11] are in good 
agreement with those in our work (Fig. 8.17, plots 6 and 7). 
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Fig. 8.12 Plots of the non- 
isothermal rate of AP decom- 
position (TGA with thermal 
dilution) against the conver- 
sion degree at CO = 6.3 (1), 5.8 
(2), 3.6 (5), 2.9 (4), 2.1 (5), 
1.5 (6) degmin -1 


dr\/dT,min 1 




lg (c/r//dx) + 6 



Fig. 8.13 Plots of the AP decomposition rate against the temperature at rj = 0. 1 (a), 0.3 (b), 0.5 
(c), 0.7 (d); DTA, cl^p = 200pm ( circles ); TGA, = 200pm (crosses); TGA, p = 50pm 

( triangles ) 
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Fig. 8.16 Linearization of 
the isothermal curves for the 
second (“slow”) stage of the 
high-temperature decomposi- 
tion of AP at T = 420 ( 1 ), 410 
(2), 400 (5), 390 (4), 380 (5), 
370 (6) °C 


lgdri/dx +2 



0.2 0.4 0.6 0.8 1.0 

lg(l -T|)+ 1 


rj2 

E/ = fci p (7s,7is)5 * , (8.4) 

where 8 is the preheat layer thickness and rjs is the degree of conversion on the 
pyrolysis surface. 

The value of )] s cannot be determined from experimental data obtained by linear 
pyrolysis (that is, from the U (7s) dependence) within the existing linear pyrolysis 
theory. However, one can estimate rj s with good accuracy from experimental data 


Fig. 8.17 Summarized data 
on the kinetics of the high- 
temperature decomposition 
of AP for the “fast” stage 
(data obtained in [9] (1); [ 10] 

(2) ; and data in this work 

(3) ) and the “slow” stage 
(data obtained in [9] (4); 
data obtained by the linear 
pyrolysis method without 
recalculation for n = 0.5, 
where the finite character of 
rjs during the linear pyrolysis 
of AP is not taken into account 
(5); data obtained in [11] (6); 
data on DTA-TGA shown in 
Figs. 8.13 and 8.14 (7)) 


lgA'+6 



r\ io 3 k _1 
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on linear pyrolysis using available data on the reaction order ( n = 0.5) and ki for the 
“slow” stage of high-temperature AP decomposition obtained by DTA/TGA. The 
corresponding expression is 


Vs= 1 - 


1 

1 - a i 



(8.5) 


where a « 0. 1 is the fraction of the reagent reacting during the first (“fast”) stage 
(see Sect. 8.3.2). 

In the temperature range 360-440°C, -jE « 0.3 — 0.4 and the degree of conversion 
on the surface for AP linear pyrolysis is ij s ~ 0.82-0.90. The unreacted fraction of 
AP leaves the linear pyrolysis surface in the form of ammonia and perchloric acid 
(the products of dissociative sublimation at thermodynamic equilibrium that occurs 
in parallel with the irreversible decomposition of AP). 


8.3.2 Reaction Scheme and Equation for High-Temperature 
Decomposition of AP 

Let us consider the high-temperature decomposition of AP that occurs via two in- 
dependent parallel reactions. In a first approximation, the fraction of the reagent 
decomposing due to the first (“fast”) stage is constant (cq = const), and one can 
write [12]: 


«iA B , 

(8.6) 

(1 

(8.7) 

-f-fcdK?' 

(8.8) 

where 

~ mi, 2 . Ql ,2 

Cl 2 = = 1 ?T> 

mo Q 


t = 0; C\ = cx\ ; C 2 = 1 — 0 C 2 ', E\ = E 2 — (133 i 4) kJ mol Icqi = 

2.2 x 10 9 s _1 ; 

ri\ = 1; ko 2 = 4.4 x 10 7 s _1 ; 112 = 0.5. 


For the total reaction rate recorded in the experiment, one can write 


^ d £=k l (T)C l +k 2 (T)^_. 

(8.9) 
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From Eq. (8.8) 


and 


dC 2 y/C 2 . k 2 {T ) 

— = , wl,e, 


dC 2 dC\ 

v& = ri ° cT 


After integration one obtains 




2 {\fC 2 - \/l-ai) = 

Let C 2 = Z and rj = 1 — (C\ + C 2 ), then Ci = 1 — rj — Z and 


Vz-y/\-ai = -yln(l-t]-Z)-ylnai. 


dC dr\ 

Since = — , 

dt dt 


< ^-=k l {T){\-r ] -Z+r] 0 Vz). 

at 


( 8 . 10 ) 


(8.11) 


(8.12) 


(8.13) 


After substituting k\{T), a and rjo into Eq. (8.9), one obtains the desired kinetic 
equation for the high-temperature decomposition of AP: 


— = 2.2 x 10 9 exp 
dt 


( 32000 \ , t . 

V “R7 ^) (1 -n- z +°°2VZ), (8.14) 


where Z is the root of the transcendental equation 

VZ = 0.011n(l-n — Z) +0.93. 


8.3.3 Effect of Dissociative Sublimation and Gas Removal 
Conditions on the Macrokinetics of High-Temperature 
Decomposition of AP 

The decomposition of AP is characterized by two parallel processes: an irreversible 
reaction (I) and dissociative sublimation at thermodynamic equilibrium (II). At 
moderate temperatures, the influence of process (II) on the decomposition of AP 
can be neglected due to the low vapor pressures of perchloric acid and ammonia, 
the products of process (II). At the high temperatures (T « 350-500°C) character- 
istic of DTA and TGA with dilution [12], as well as for linear pyrolysis and burning 
of AP, the role of sublimation becomes more significant. 

Let us analyze the influence of dissociative sublimation on the macrokinetics 
of the high-temperature decomposition of AP and model AP-based mixtures. In 
the analysis, ideas about the effect of the “evaporation in volume” that takes place 
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during the decomposition of a condensed phase of volatile explosives are used [3], 
In spite of the fact that at high temperatures (up to 550°C) AP does not melt, its de- 
composition is generally similar to the decomposition of secondary explosive melts. 
In the decomposition of AP, the unreacted fraction of the reagent undergoes sub- 
limation, while in the decomposition of explosives it evaporates. Beyond the point 
of lattice transformation from orthorhombic to cubic (at 240°C), the porosity of AP 
significantly increases. The sublimation products located in the microcracks formed 
are in equilibrium with the solid phase. 

In the experiments with thermal dilution (when a thin sample layer is pressed 
between two heat-conducting metal blocks), gas removal is hindered. Under these 
conditions, the gaseous products of process (I) are saturated with the vapors of per- 
chloric acid and ammonia, the products of process (II). For the sake of brevity, the 
products of irreversible decomposition will be called the “gas,” while the products 
of dissociative sublimation will be termed the “vapor” here. The process rate, q 
(recorded in calorimetry and thermography), is equal to the difference between the 
rate of heat evolution due to process (I) and the rate of heat absorption due to process 
(II). 

In thermogravimetric experiments, the rate of the decrease in the sample weight, 
m, is the sum of the rates of gas (m g ) and vapor ( m v ) formation: 


• n - t i AH ,hv 

9 = 8^1 l--g- 


m = m B | 1 H , 

m„ 


(8.15) 

(8.16) 


where Q is the thermal effect of the reaction and All is the heat of sublimation. At a 
constant temperature T, one can write for m v /m g : 


m 1 = H 1 _lUT) 
rii g n g R.-P sv {T)' 

where /i v and /i g are the molecular weights of the vapor and the gas, respectively, 
P SV (T) is the saturated vapor pressure and P„, is the ambient pressure. 

For linear heating of the sample, 


m v _Hv P sv (r) m g AH(0 P SV (T) 

m g jU g P«,~ f’sv(F) _ m g R T 2 P^-P SV (T) 


(8.18) 


where m is the mass of gas in the sample pores under quasi-stationary conditions 
and co is the heating rate. 

At ft) < 10 deg min 1 (characteristic of standard thermographic experiments on 
AP decomposition), the second term in the square brackets in Eq. (8.18) is much 
less than unity. The expression for the relationship between the heat evolution rate, 
q , and the decomposition rate, fj, is identical to that for the isothermal process: 
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q = rjQ 


AHfi y P SV (T) 

Q Mg P°° — P'iv(T) 


(8.19) 


Equation (8.19) can be integrated over the interval 7j n -7] ln , where 7] n and 7j m are 
the initial and final temperatures of the thermographic experiment. The conditions 
required to make the integration valid are 


— = (0 = const (8.20) 

at 

and 

Psv(T) « Poo (8.21) 

over the entire temperature range (7] n - 7) ln ). 

Then one can write a relationship between the experimentally determined and 
the true decomposition thermal effects (Q ex p and Q ) as 


Qexp = Q 


AHn w 

PovCQllg 


Tf in 

J f]{T)P sv (T)dT. 

Tin 


(8.22) 


The integral on the right hand side of Eq. (8.22) weakly depends on P TC , and so at 
CO = const 


Qexp — Q 


const 

Poo 


(8.23) 


In thermogravimetric experiments on the decomposition of thermally diluted AP 
samples at various pressures of N 2 gas, the dependence QexpfP-O was recorded. The 
data obtained in two sets of experiments that employed working cells of different 
designs are presented in Table 8.3. The necessary condition (8.20) was met with the 
required accuracy due to thermal dilution. The obtained thermograms were com- 
pared with the temperature dependence of the vapor pressure of the products of the 
dissociative sublimation of AP [14]. As a result, the condition (8.21) was found to 
be rigorously met at ft) = 3^1 deg min~ 1 and P„ > 3 x 10 4 Pa. 

The data presented in Table 8.3 were analyzed using Eq. (8.23) in Q exp 1 
coordinates (Fig. 8.18). The value obtained for the true thermal effect of the high- 
temperature decomposition of AP (Q = 1.16 kJ g 1 ) is in good agreement with the 
value obtained in [15] using a differential scanning calorimeter and vials equipped 
with ball clacks for pressures of up to 1 MPa (Q = 1.14 kJ g 1 ). 

From Eqs. (8.16) and (8.17), one can see that as the temperature increases, the 
effective energy of the process resulting in the disappearance of the AP condensed 


Table 8.3 Dependence of the thermal effect of the high-temperature decomposition of AP, Q ex p , 
on the pressure, P x 


P^x 10 s (Pa) 

Qexp, kJg -1 , cell #1 
Qexp, kJg -1 , cell #2 


0.01 

0.3 

0.5 

1.0 

10.0 

- 

0.91 

1.00 

1.06 

1.17 

0.74 

0.83 

0.94 

1.03 

1.15 
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Fig. 8.18 Determination of 
the thermal effect of the high- 
temperature decomposition 
of AP in working cells # 1 
and #2 


fiexp, kJ g' 



I— I 

1000 


pj, MPa 1 


phase remains equal to the true activation energy of the irreversible decomposition 
until 


Mv Psw(T) 

/i g Pm — Psv(r) 


(8.24) 


is valid. 

At higher temperatures, the fraction of the sublimation products increases and, 
according to Eq. (8.16), the effective activation energy increases, approaching infin- 
ity for P SV (T) = Poo. This was observed in experiments on the linear pyrolysis of AP 
accompanied by the burning of gaseous pyrolysis products (Fig. 3.5). 
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Chapter 9 

Kinetic of Deep High-Temperature 
Decomposition of Model and Commercial 
AP-Based Composite Solid Propellants 


Abstract The kinetics of fast high-temperature decomposition is quantitatively stud- 
ied for a number of model and commercial heterogeneous polymer-ammonium per- 
chlorate systems using original nonisothermal kinetics methods employing DTA, 
TGA and DSC instruments. Maximum temperatures corresponding to the deter- 
mined kinetic parameters reach 400-450°C, which are quite close to those in the 
solid propellant reaction zone near the burning surface. Data presented in this chap- 
ter can be used for the analysis of combustion patterns and mechanisms of solid 
propellants, while the results of earlier works on the kinetics of low-temperature 
decomposition are only useful for assessing the stabilities of the propellants during 
long-term storage. This is also confirmed by comparing the corresponding kinetic 
constants. For example, the activation energies for the low-temperature decomposi- 
tion of the majority of the studied solid propellants are close to 120 kJ mol -1 , which 
corresponds to the decomposition of AP. The activation energy of the second stage 
of the high-temperature decomposition of almost all AP-polymer mixtures is twice 
as high. An explanation of this quite general effect is presented. An excellent corre- 
lation between the obtained kinetic constants of high-temperature reactions and the 
ignition parameters and the rates of subatmospheric burning for the studied solid 
propellants is discussed. 


9.1 Kinetics of High-Temperature Decomposition 
of AP-Polymer Model Systems 

The macrokinetics of the high-temperature decomposition of AP-based heteroge- 
neous model and commercial mixtures were studied by DTA and TGA methods 
using thermal dilution. In most of the experiments, the oxidizer particle size was 
<j?ap = 200 )im, while in other experiments d,\y> = 50pm. 

Since the fuel-binder content in commercial composite solid propellants is about 
20%, the oxidizer/fuel ratio in the model mixtures was 4/1. The following polymer 
powders were used as fuels in the model mixtures: polystyrene (PS), polyvinylchlo- 
ride (PVC), polyacrylonitrile (PAN) and polyethylene (PE). The particle size of 
the powders was not important, since all of these materials melt before active 
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decomposition of their mixtures with AP begins. Some characteristics of the com- 
mercial NG-2-60-DTM-grade composite solid propellants (cast materials based on 
polyurethane binders synthesized from polyoxipropylenepolyols) studied by igni- 
tion methods are given in Chap. 5. 

Since the decomposition kinetics for the first four polymers has been thor- 
oughly analyzed by Grassi [1] and Madorsky [2], and for polyurethanes by Benin 
and coworkers [3], we focused mostly on the experimental study of the high- 
temperature decomposition of AP-based mixtures. For the sake of brevity, the origi- 
nal thermograms are omitted (except for the ones for the AP-PS and HG-3-60-DTM 
systems); they look quite similar anyway. 


9.1.1 AP-PS System 

The original thermograms obtained under thermal dilution using installation T-2 are 
shown in Fig. 9. 1 . 

From the thermograms and the results of analyzing them (Figs. 9. 2-9.4), one can 
conclude that the decomposition of the AP-PS system occurs via two stages with to- 
tal thermal effect Q = 2.5 ± 0.2 kJ g 1 . This conclusion is based on the monotonous 
change in the effective activation energy as the conversion degree in increased 
(Fig. 9.4). The rate constants and effective activation energy (E\ = 133kJmol ') 
of the first stage of the AP-PS decomposition (at r) <0.15) are close to those of AP 


Fig. 9.1 Thermograms of 
AP-PS mixture 
decomposition at heating rate 
a = 1.6 (7), 6.1 (2), 3.0 (3), 
2.6(4), 1.6 (5) and 1.1 (6) °C 
min -1 


Ar,°c 



T, °C 
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Fig. 9.2 Plots of the 
nonisothermal rate of AP-PS 
mixture decomposition 
against the conversion degree 
at heating rate CO = 7.6 (i), 
6.1 (2), 3.0 (3), 2.6(4), 1.6 
(5) and 1.1 (6) °C min- 1 


dr\/dT, min 1 



T°C 



\g(dr\lch) + 6 




Fig. 9.3 Temperature 
dependence of the rate of 
AP-PS mixture 
decomposition at conversion 
degree rj = 0. 1 (a), 0.3 (b), 
0.5 (c) and 0.7 (d) 



T\ 10 3 K h 
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Fig. 9.4 Plot of the effective 
activation energy of AP-PS 
mixture decomposition 
against the conversion degree 


E, kJ/mol 



0.2 0.4 0.6 0.8 0 


decomposition. The second-stage reaction rate depends weakly on the conversion 
degree (at 0.4 < 7] < 0.8), which is characteristic of pseudo-zero order reactions. In 
this case, the expression for the rate constant is 


k 2 = 10 18 ' 8±a7 exp 


63000 ± 2300 \ 


RT 




(9A) 


It is clear that the kinetic parameters and kinetic equation for the second stage of 
the decomposition of the AP-PS system differ significantly from those for the sec- 
ond stage of the high-temperature decomposition of “pure” AP. This situation was 
found to be quite characteristic of the second-stage decomposition of AP-polymer 
mixtures. 


9.1.2 AP-PE System 


The dependencies of the nonisothermal rates of the decomposition of the AP-PE 
mixture (AP particle size d ap = 200 pm ) on the conversion degree are presented in 
Fig. 9.5. In this case, the thermal effect of the process was found to be Q = 2.3 ± 
0.2 kjg l . The most interesting feature of the system is the single-stage character 
of its decomposition. For rj = 0.05-0.9, the effective activation energy is constant 
(E = 250 kj mol 1 ), and the process can be satisfactorily described by an equation 
for a first-order reaction with reaction constant 


k= 10 16 - 9±10 exp 


60000 ± 2600 \ 


RT 


) M 


(9.2) 


For smaller AP particles (<j?ap = 50pm), the process becomes two-stage, and the 
second-stage rate constant, k 2 , increases (Fig. 9.6). 
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Fig. 9.5 Plots of the 
nonisothermal rate of AP-PE 
mixture decomposition 
(t/ap = 200 pm) against the 
conversion degree at heating 
rate (0 = 5.7 (1), 4.3 (2), 
2.1(3), 1.7 (4) °C min-' 


dr|/cli, min 1 



T° C 



0.2 0.4 0.6 0.8 1.0 


Fig. 9.6 Plots of the rate 
constants for AP-PE mixture 
decomposition against the 
temperature for samples 
characterized by <7 ap = 50 pm 
( crosses ) and 200 pm ( circles 
and triangles) 


\gK+6 



T~\ 10 3 K -1 


Data on the kinetic constants for the high-temperature decomposition of AP-PE 
mixtures that differ in terms of AP particle size are given in Table 9.1. 

Based on these data (taking into account that the AP powders used were not 
strictly monodisperse), one concludes that the second-stage rate constant is 
proportional to the specific area of the polymer-oxidizer contact: 
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Table 9.1 The effect of AP particle size on the kinetics of the high-temperature decomposition of 
the AP-PE mixture 


Temperature, °C 

Rate constant, s 1 

k (</ap = 200 pm) 

ki (d ap = 50 pm) 

7'2(^ap = 50 pm) 
k(d ap = 200 pm) 

340 

2.66 x 10~ 5 

1.09 x 10~ 4 

4.26 

360 

1.27 x 10~ 4 

5.5 x 10- 4 

4.33 

380 

5.5 x 10~ 4 

2.5 x 10- 3 

4.55 

400 

2.18 x 10~ 3 

1.04 x 10~ 2 

4.77 

420 

8 x 10~ 3 

3.98 x 10- 2 

4.98 


k 2 ~S sve c ~^-. (9-3) 

«AP 

9.1.3 AP-PAN and AP-PVC Systems 

Decomposition of AP-PAN and AP-PVC model systems ((/ap = 200 |dm) is quite 
similar to that observed for an AP-PS mixture: the reactions occur via two stages, 
and both systems exhibit similar total thermal effects (<2ap-pan = 2.3 ± 0.2kJg _1 
and <2ap-pvc = 2.2±0.2kJg *). Approximately 10% of the total heat is released 
during the first stage. 

For both mixtures, the second-stage process (Fig. 9.7) can be described by an 
equation for a first-order reaction. The rate constants are: 


lg&+6 

4.2 r 


Fig. 9.7 Plots of the 
decomposition rate constants 
for AP-PAN ( crosses ) and 
AP-PVC ( circles ) mixtures 
against the temperature 



2.2 I I I ! 1 

1.44 1.48 1.52 1.56 1.60 

t \ io 3 ^ 1 
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kl = 

10 18 ' 6±11 exp| 

( 60100 ± 3300 \ 

l R T ) 

l ^ 1 

] for the AP-PAN system, 

(9.4) 

h = 

10 18.2±0.2 exp | 

( 62000 ± 2900 \ 

l RT J 

l ^ 1 

] for the AP-PVC system. 

(9.5) 


9.2 Kinetics of High-Temperature Decomposition 

of Polyurethane-Based Composite Solid Propellants 

The high-temperature decomposition of NG-2-60-DTM composite solid propellants 
(samples 1 and 2) developed at the State Institute of Applied Chemistry (St. Peters- 
burg, Russia) was studied by the method of ignition using a hot block (Sect. 5.4) and 
by DTA and TGA with thermal dilution. The Al-free samples 1 and 2 consisted of 
80 wt% AP and 20 wt% fuel-binder (a toluylenediisocyanate-cured mixture of poly- 
oxipropylenepolyols). Sample 2 contained a combustion catalyst (0.5% Fe 203 ). 

Original thermograms for sample 1 are given in Fig. 9.8 and the data obtained by 
analyzing them are shown in Figs. 9.9 and 9.10. Thermograms for sample 2 are qual- 
itatively similar to those for sample 1 (the working temperatures corresponding to 
sample 1 decomposition are 30-40°C lower than those for sample 2 decomposition, 
see Fig. 9.11). Both samples were found to decompose via two stages. A compari- 
son of the DTA and TGA data for each stage can give some interesting results. For 


Fig. 9.8 Thermograms of 
NG-2-60-DTM (sample 1) 
decomposition at heating rate 
ct)= 14.1 (i), 8.8(2), 5.6 (5), 
3.4(4), 2.6 (5) °C min- 1 


AJ,°C 
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Fig. 9.9 Plots of the 
nonisothermal rate of 
NG-2-60-DTM (sample 1) 
decomposition against the 
conversion degree at heating 
rate co = 14.1 (1), 8.8 (2), 5.6 
(5), 3.4 (4), 2.8 (5), 1.7 (6) °C 
mbr 1 (DTA) 


dp/dt (x, min) 



T°C 



the total thermal effect Q ss 2.6kJg~ 1 , the first stage heat release is approximately 
equal to 0.35(9 for a 27% weight change. Thus, the thermal effect of the dominant 
first-stage reaction (<2i ~ 3.3 kjg 1 ) is much higher than that of the second-stage 
reaction (Q 2 « 2.3 kjg -1 ). 

The addition of Fei 03 was found to result in the significant acceleration of both 
process stages (Fig. 9. 1 1), which agrees with literature data [4, 5]. The dependencies 
of the effective activation energy on the conversion degree for both samples are 
presented in Fig. 9.12. 


9.3 Effect of Gas-Phase Processes and Pressure 

on the Macrokinetics of High-Temperature Decomposition 
of AP-Based Composite Solid Propellants 

Since model and commercial composite solid propellants are heterogeneous sys- 
tems, the effect of the products of AP gasification on the decomposition mecha- 
nism is quite important. The term “gasification” is used to emphasize that at AP 
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Fig. 9.10 Plots of the rate 
of NG-2-60-DTM (sample 
1) decomposition against the 
conversion degree at heating 
rate co = 5.8 (1), 3.2 (2), 
2.95 (3), 2.15(4), 1.35 (5) °C 
min- 1 (TGA) 


Fig. 9.11 Plots of the 
high-temperature 
decomposition rate of 
NG-2-60-DTM: sample 1 
without the catalyst ( circles ) 
and sample 2 with the catalyst 
(0.5% FeoOs) ( triangles ) at 
conversion degree 
17 =0.1 (a), 0.2(b), 0.4(c) 
and 0.6 (d) 




Ig (dr\/d%) + 4 






T~\ 10 3 K-‘ 
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E, kJ/mol a b 




Fig. 9.12 Plots of the effective activation energy against the conversion degree for the decompo- 
sition of NG-2-60-DTM: sample 1 without the catalyst (a) and sample 2 with the catalyst (0.5% 
Fe 2 0 3 )(b) 


decomposition (especially at high temperatures) two processes contribute to the 
formation of gaseous products: irreversible decomposition (yielding “gas”) and re- 
versible dissociative sublimation (yielding ammonia and perchloric acid: “vapor”). 
“Gas” and “vapor” are characterized by high oxidative abilities and can play a sig- 
nificant role in reactions involving polymeric fuels. 

On the other hand, the oxidation of the polymeric component of a composite 
solid propellant in contact with an AP grain can occur without the participation of 
the “vapor” [4, 6 ] according to the following routes: 

condensed compound (polymer) + solid compound (AP), 
condensed compound (polymer) + gas (NO 2 , O 2 and others), 
condensed compound (polymer) + liquid (HCIO 4 ). 

In this case, a modified DTA method with thermal dilution can be applied. In this 
method, the decomposition of a double “sandwich”-type system (thin layers of oxi- 
dizer and fuel are separated from each other by an inert porous membrane) is stud- 
ied. This approach is similar to the chemical arc used to study the high-temperature 
decomposition of the fuel-oxidizer system. In our experiments, the AP and polymer 
(PS, PE, polyurethane of DTM grade) layers were separated by a glass filter 300 pm 
thick with pores 5-10 pm in diameter. 

Data on the kinetics of heat evolution in AP-polymer systems obtained using 
regular samples (“mixture,” see Sect. 9.1.2) and modified samples (“sandwich”) 
are shown in Figs. 9.13-9.16. Despite the absence of direct contact between the 
AP crystals and the polymer in these sandwich systems, the decomposition pat- 
tern is similar to that of the corresponding mixture systems. As the AP crystal size 
Wap) decreases from 200 pm to 50 pm, the second-stage decomposition rate does 
not change for the AP-PE, AP-PVC, AP-PAN sandwiches and slightly increases 
for the AP-PS and AP-DTM sandwiches. It is interesting that in the case of the 
AP-PE mixture, the decomposition occurs via one stage for Jap = 200pm and via 
two stages for Jap = 50 pm, while for the AP-PE sandwich system the reaction is 
always characterized by two stages (Fig. 9.15). The degeneration of the first stage 
when coarse AP powder is used is probably associated with the physicochemical 
influence of the PE melt on AP decomposition. 



9.3 Macrokinetics of High-Temperature Decomposition of AP-Based Solid Propellants 


147 


Fig. 9.13 Kinetic curves for 
the decomposition of 
heterogeneous systems: 
AP-DTM mixture (7), AP 
(50pm)-DTM “sandwich" 
(2), AP (200pm)-DTM 
“sandwich” (3) 


Fig. 9.14 Kinetic curves for 
the decomposition of 
heterogeneous systems: 
AP-PVC mixture (1), 
AP-PVC “sandwich" (2) 


Fig. 9.15 Kinetic curves for 
the decomposition of 
heterogeneous systems: 
AP-PE mixture (7), AP-PE 
"sandwich” (2) 


dQldt, J/(gs) 
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Fig. 9.16 Kinetic curves for 
the decomposition of 
heterogeneous systems: 
AP-PAN mixture (7), 
AP-PAN "sandwich” (2) 


dQ/dt, J/(gs) 



The experimental results (despite their qualitative nature) obtained for the sand- 
wich systems indicate an important role for reactions involving the products of AP 
gasification in the high-temperature decomposition of AP-polymer systems. 

In relation to this, the ambient pressure should significantly influence the decom- 
position of AP-based mixtures at high temperatures. The effect of the ambient pres- 
sure, Poo, on the kinetics of the high-temperature decomposition of heterogeneous 
systems (the AP-PS model system and NG-2-60-DTM composite solid propellant) 
was studied using installation T-2. 

The kinetic dependencies for the decomposition of the AP-PS mixture at Poo = 
10 2 Pa, 10 5 Pa and 1 MPa (ft) = 3 deg min -1 ) are shown in Fig. 9.17. The pressure 
decrease results in a shift in the decomposition process (especially the second stage) 
into the lower temperature region. In other words, the lower the ambient pressure, 
the higher the decomposition rate. 

At Poo = 1 MPa and at the atmospheric pressure, the second-stage reaction 
(0.3 < n < 0.9) is of pseudo-zero order. However, at higher pressure the process 
is characterized by a lower activation energy (Fig. 9.18). The expression for the rate 
constant is 


Fig. 9.17 Kinetic curves for 
the decomposition of the 
AP-PS mixture (to = 3°C 
min -1 ) at P m = 10 2 Pa ( 1 ), 
10 5 Pa (2), 1 MPa (3) 


dQldt, J/(gs) 
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Fig. 9.18 Plots of the 
decomposition rate of the 
AP-PS mixture (second 
stage) against the temperature 
at =lo 5 Pa (7), 1 MPa (2) 


lg& 2 + 3 



k 2 = 10 9 - 8±05 exp 


40900 ±1500 
RT 


[s' 1 ] . 


(9.6) 


The same pattern was observed for the NG-2-60-DTM material (Fig. 9.19). The 
influence of the ambient pressure on the first-stage process was found to be similar 
but much weaker. 


Fig. 9.19 Effect of P,,_ on the 
rate of NG-2-60-DTM 
decomposition: 1 and 2, 

7± = 10 5 Pa; 3 and 4, 

P x = 1 MPa; 1 and 3, 

0 ) = 2.9 deg min -1 ; 2 and 4, 
0) = 3.4degmin _1 


dr|/r/T,mhr 1 



9.4 Mechanism of High-Temperature Decomposition 
of AP-Based Model Mixtures and Composite Solid 
Propellants 

The data on the thermal decomposition of the heterogeneous condensed systems 
studied indicate a complex process. The decomposition of AP and most of the mix- 
tures occurs via two stages, with the exception of the AP (coarse)-PE system, which 
decomposes in a single stage. The organic binder mainly influences the first stage of 
AP decomposition. For the AP-PS, AP-PAN and AP-PVC mixtures, the first de- 
composition stage (Q\ = 0.2-0.5kJg -1 , E\ = 133-142kJmoP 1 , T\ = 290-370°C) 
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is a heterogeneous reaction involving the thermal oxidative rupture of the polymer 
by the products of the irreversible AP decomposition. The first-stage reaction occurs 
in diffusion mode with respect to the oxidant gas. 

The first stage of the decomposition of NG-2-60-DTM ( Q\ = 0.9-l.lkJg -1 , 
E\ = 125-146kJmol _1 , T\ = 220-290°C at ft) = 1 .7- 1 4 deg min ') seems to take 
place in the condensed phase, since the reaction rate is not influenced by the ambient 
pressure (Fig. 9.19). The difference between the first-stage processes for NG-2-60- 
DTM and the model mixtures mentioned above is probably related to the presence 
of an ether group in the backbone chain of the NG-2-60-DTM binder. 

A first stage characteristic of AP decomposition was observed when the oxidizer 
and fuel condensed phases were separated by a porous glass membrane. Therefore, 
the absence of the first stage during the decomposition of the AP (coarse)-PE sys- 
tem may be explained by the inhibitory effect of the PE melt. A similar effect of 
saturated hydrocarbons (hexane) on the macrokinetics of AP decomposition at low 
temperatures was reported for the first time in [7]. 

The second stage of the decomposition of the mixture (60-90%) is character- 
ized by comparatively high activation energies: £2 = 217-263 k.l mol '. These val- 
ues, which are close to the activation energies of thermal destruction processes for 
polymers, differ significantly from those characteristic of the second stage of AP 
decomposition (E^ p = 133 k.l mol '). However, although perceptible in the overall 
decomposition processes of AP-PS and AP-DTM systems, the effect of the thermal 
destruction of the binder was found to be negligible for the AP-PE, AP-PAN and 
AP-PVC mixtures (in the experiments, samples with fuel and oxidizer condensed 
phases separated by a porous glass membrane were used). 

As a result of the qualitative analysis of the second stage of the high-temperature 
decomposition of AP-polymer mixtures, the following important steps can be for- 
mulated (Fig. 9.20): 



Fig. 9.20 General scheme for the second stage in the high-temperature decomposition of AP- 
polymer heterogeneous systems 
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a) Irreversible decomposition and dissociative sublimation of AP; formation of liq- 
uid and gaseous perchloric acid which partially decomposes in the pores of AP 
(the formation and accumulation of liquid perchloric acid in the pores of AP takes 
place due to the higher volatility of ammonia than perchloric acid vapor, which 
also seems to be related to the increase in the thermal decomposition rates of 
some ammonia salts, including AP, after their vacuumization); transport of two 
gaseous oxidizers to the polymer surface: the perchloric acid vapor and the prod- 
ucts of its decomposition (“strong” oxidizer), and the products of the irreversible 
decomposition of AP (“weak” oxidizer) 

b) Diffusion and infiltration of the gaseous oxidizers through the inner pores of the 
AP crystals to the binder surface; molecular diffusion dominates in the mass- 
transfer process due to the small particle size of the AP-polymer system compo- 
nents and the high porosity of the AP crystals 

c) Thermal destruction of the polymer and reactions involving gaseous destruction 
products 

d) Oxidation of the polymer; heterogeneous oxidation of carbonized polymer residue 
(carbon residue produced by the oxidation of the most reactive parts of the poly- 
mer during the first stage) and gas-phase oxidation of the products of thethermal 
destruction of the polymer can take place. 

The rate constants of the second stage of decomposition for systems containing 
polymers that differ significantly in terms of their structures are quite close. This 
(as well as the high activation energies) can be explained by taking the effect of the 
volumetric evaporation accompanying AP decomposition into account. The oxidiz- 
ing ability of hot perchloric acid vapor with respect to organic compounds is much 
higher than those of nitrogen oxides and chlorine (the primary products of the irre- 
versible decomposition of AP). Thus one can assume that at high temperatures the 
observed rate of system decomposition is determined by the rate of perchloric acid 
vapor transport from the AP crystal volume to the crystal-fuel interface (m tr ) and 
by the specific area of the interface (.S' sp ~ 1 /d). According to [8], at P sv /A 

/«.,■ ~ n ^S sp , (9.7) 

from which the activation energy of the overall process is 

E = PapH — — = 129+ 121 = 250kJmol -1 , 

which is in good agreement with the corresponding values for £2 (Table 9.2). Since 
under these conditions the decomposition kinetics are determined by the properties 
of AP rather than those of the polymers, the rate constants for different mixtures 
should be similar. 

The validity of the suggested mechanism is also confirmed by the paradoxi- 
cal phenomenon of the inhibition of the high-temperature decomposition of AP- 
polymer mixtures as the ambient pressure increases. The temperature dependencies 
of the rate constants for the decomposition of the AP-PS mixture at P*, = 10 5 Pa 



152 


9 Kinetic of Deep High-Temperature Decomposition of Solid Propellants 


Table 9.2 Kinetic parameters for high-temperature decomposition of AP-polymer model systems 
[9] 


Mixture 

Conversion 
degree range 

Activation 
energy E 2 , 
kJ mok 1 

Preexponential 
factor £ 02 , s -1 

Reaction 
order n 

Total thermal 
effect Q, kJ g -1 

AP-PS 

0.40-0.85 

262 ±10 

jq18.8±0.7 

0 

2.5±0.2 

AP-PVC 

0.30-0.80 

261 ±12 

1q18.2±0.9 

1 

2.2±0.2 

AP-PAN 

0.30-0.80 

250± 14 

jq18.6±1.1 

1 

2.3±0.2 

AP-PE 

0.05-0.80 

250 ±11 

1q16.9±1.0 

1 

2.2±0.2 


and 1 MPa are given in Fig. 9.18. At the higher pressure the decomposition rate is 
lower and the activation energy decreases from £3 = 263 k.1 mol 1 (at PL = 10 5 Pa) 
to Ei = 167kJmol _1 (at /A = 1 MPa). The fuel is oxidized by both the gas and 
the vapor (perchloric acid) produced by AP decomposition. Therefore, taking into 
account Eq. (9.7), one can write for the overall rate of decomposition of the mixture 

i • I ■ ( 1 ^v/tv^sv\ , . _ 

nz = % + n v «V J g( v 1 + ^ u ^J> (9-8) 

where ij g , ij v and k g , k v are the rates and the rate constants of the heterogeneous 
oxidation of the polymer by gas and vapor, respectively. 

Since k v k g , the kinetics of mixture decomposition are determined by the va- 
por formation rate, even at low P sv //A ratios. In this case, the activation energy 
is close to 250 kJ mol~ 1 (assuming low activation energies for heterogeneous ox- 
idation reactions). As /A grows, the P SV /7A ratio and the second term inside the 
parentheses of Eq. (9.8) decrease in proportion to it. As a result, the overall rate 
of mixture decomposition decreases. The effective activation energy also decreases 
down to a limiting value of 125 kJ mol ', corresponding to AP decomposition. At 
very low /A//A, ratios (low temperatures), the decomposition macrokinetics for the 
AP-polymer mixtures can become very similar to the kinetics of AP decomposi- 
tion. This was observed for the low-temperature decomposition (first stage) of the 
AP-PS mixture at = 10 s Pa [10]. 


9.5 Relationship Between the Kinetics of High-Temperature 
Decomposition of AP-Based Composite Solid Propellants and 
Their Ignition and Subatmospheric Burning Parameters 

This section is devoted to the kinetics and macrokinetics of the high-temperature 
decomposition of AP-based composite solid propellants. A detailed study of the 
relationship between the kinetics of reactions in the condensed phase and burn- 
ing patterns is not provided here. This aspect has been already considered in a 
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number of works (for example, see [6, 11, 12, 13]). Due to the absence of kinetic 
data for temperatures close to the surface temperature of the ignited or burning fuel, 
a quantitative analysis of the contribution of condensed-phase reactions to the over- 
all process was previously not possible. However, this can now be achieved using the 
kinetic data presented in this chapter and in Chap. 5, although it is worth noting that 
only cases where the reacting mixture can be assumed to be pseudohomogeneous 
can be considered. In other words, the reacting layer thickness should significantly 
exceed the characteristic heterogeneity scale (in this case, the AP crystal size). 

Practically speaking, this means that the obtained kinetic parameters can be 
used to analyze processes characterized by an ignition delay (induction) period of 
more than 0.5 s. Such an induction period is characteristic of solid-propellant rocket 
charges undergoing aerodynamic heating for example. The obtained kinetic con- 
stants can also be used to quantitatively analyze the role of condensed-phase reac- 
tions in AP-based composite solid propellant burning at subatmospheric pressures. 
At P <0.1 MPa, the reaction rates for most AP-based composite solid propellants 
are quite low. Therefore the reaction zone can be treated as being homogeneous, 
since its thickness significantly exceeds the AP grain size. 

First, let us compare kinetic data obtained by DTA and the method of ignition 
using a hot metal block (Sect. 5.4) for two samples of NG-2-60-DTM commercial 
polyurethane composite solid propellant (with and without the combustion catalyst, 
Fe2C>3). 

The values of Qko and F; gn were obtained by experiments on ignition in the 
temperature range of 350-430°C. In this case, a term characterizing the conversion 
degree for the pre-ignition time was neglected in Eq. (5.5) 

T ign = ( 1 + 1 ,600c + O.20 o i) ( 1 + 80OC7 3 / 2 ) ( 1 + p ) . 

By taking the term 80o,y :i22 , which includes the thermal effect Q (y = R T§c/QE\ 
Q is determined by thermography), into account, refined data for E[ were obtained 
(Table. 9.3). 

The difference between E[ and /') gn was found to be approximately 3 kJ mol -1 , 
which is within the experimental error. 


Table 9.3 Determination of the conversion degree T); gn on the surface of the composite solid pro- 
pellant at its ignition (comparison of data obtained by the ignition method and DTA) 


Composition Ignition 

on a metal block 


DTA with thermal dilution 

Data from Chap. 5 

Refined data 




F 

^ign> 

IgG^o. 

F' 

^lgn’ 

IgGko, 

’ E = E W 

hign 

IgGko. 

kJ mol - 

1 Jg _1 s _1 

kl moD 1 

Jg -1 s -1 

kJ mol 1 


Jg -1 s -1 

AP-polyurethane 178 

16.4 

182 

16.8 

182 

0.3 

16.6 

AP- 129 

13.2 

131 

13.6 

131 

0.17 

13.4 

polyurethane + 

Fe203 
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The values of rji gn corresponding to the pre-ignition period were estimated us- 
ing the E e ff(ri) dependence (characteristic of a two-stage process), as obtained by 
thermography. This approach is usually used to analyze kinetic data for multistage 
processes and when the compositions of the intermediate and final reaction prod- 
ucts are unknown. In this case, formally describing the kinetics using the effective 
rate, conversion degree and activation energy greatly simplifies the analysis of the 
high-temperature decomposition of AP-polymer systems. In Table 9.3, three val- 
ues for Qk() are given: data from Chap. 5, refined data, and data calculated from 
DTA data using the dependence of the heat release rate on the conversion degree 
for rj = r)i gn at T = 7 S = const. The obtained r); gn (= 0.2-0. 3) indicates that signif- 
icant burning-out occurs in the reaction zone of a heterogeneous system during the 
induction period. 

The kinetic constants for decomposition calculated from experimental data on 
combustion at low pressures were compared with the characteristics obtained by the 
thermographic method for both polyurethane-based composite solid propellants and 
AP-PS and AP-PE mixtures. The burning rates of these materials at pressures of 
0.02 MPa < P < 0.1 MPa were measured by a standard method using a constant- 
pressure bomb. 

The experimental data were approximated using the expression 

u=AP v . (9.9) 

The values of A and v are given in Table 9.4. 

The kinetic constants were calculated using the model for the burning of compos- 
ite solid propellants developed by Waesche and Wenograd for the first time [6]. A 
similar model for homogeneous propellants was used by Zel’dovich [16]. According 
to the approach used, the rate of burning at P < 10 5 Pa is assumed to be deter- 
mined by condensed-phase reactions, while the surface temperature of the burning 
fuel is identical to the temperature of the equilibrium dissociative sublimation of 
AP. As was stated earlier, condensed-phase reactions should play a very impor- 
tant role in the burning of composite solid propellants, at least at P < 10 5 Pa. The 
existence of the relationship between the surface temperature of the burning com- 
posite solid propellant and the temperature of equilibrium sublimation of AP was 


Table 9.4 Comparison of the combustion parameters and kinetic characteristics of high- 
temperature decomposition of AP-based composite solid propellants at P = 0. 1 MPa (7s = 545°C) 


Composition 

Combustion 




DTA 



A 

V 

E* 

kJ mok 1 

lgG*(Zs) 

Jg- 1 s^ 1 

E, kJ mol -1 

1 Is 

igG*(r s ) 

Jg- 1 s^ 1 

NG-2-60-DTM 

1.05 ±0.02 

0.72 ±0.04 

174 

4.88 

174 

0.27 

4.7 

NG-2-60-DTM 

1.30 ±0.02 

0.70 ±0.04 

169 

5.06 

169 

0.23 

4.9 

AP-PS 

0.79 ±0.02 

0.93 ±0.03 

225 

4.75 

225 

0.33 

3.9 

AP-PE 

0.58±0.01 

0.88 ±0.03 

213 

4.45 

250 

0.35 

4.0 


See expression (9.1 1). 
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proved experimentally [4, 14, 15]. However, the correctness of these models can 
be quantitatively confirmed only through the use of kinetic data obtained for high 
temperatures. 

In general, the surface temperature of a burning volatile energetic material (a liq- 
uid explosive or some other material), 7s, differs from the sublimation (evaporation) 
temperature, 7’ su |,, at thermodynamic equilibrium due to the escape of the sublimate 
and its dilution with the burning products [16]. However, this difference is quite 
small, and the conditions on the surface of the sublimating AP can be considered as 
being in thermodynamic equilibrium to a first approximation. Besides, the charac- 
teristic time required for the spatial equalization of the temperature in the direction 
perpendicular to the front of a comparatively slow-burning composite solid propel- 
lant in vacuum is quite short. Therefore, the temperatures of all of the parts of a 
burning composite solid propellant can be considered to be identical, constant and 
close to the temperature of AP equilibrium sublimation: 7s = T SU \,(P). Thus T$ was 
calculated using the expression [17] 


lgP= 10.56- 


6283.7 

7s 


(9.10) 


For the burning model used, 


mE 
2AH ’ 


(9.11) 


where m = 2 (AP dissociates yielding two gases), and so Eq. (9.11) was used to 
estimate the effective activation energy of decomposition (Table 9.4). 

The heat evolution rate ( q = Qk(Ts)) was determined using the Zel’dovich for- 
mula [ 16] 


2XRT 2 Qk Q ( E \ 
pEc 2 (Ts — Too) 6XP \ R7^ / ’ 


(9.12) 


where A = 2.6 x 10~ 3 Jem -1 s _1 deg -1 and c = 1.7Jg _1 deg -1 . 

The conversion degree on the burning surface was determined from the E(rj) 
dependencies, as obtained by thermography (this method was used to estimate the 
burning-out for the ignition delay period). The heat evolution rate, q, at temperature 
7s and the estimated conversion degree rjs was calculated using the relationship 
q = f]Q and the experimentally determined 77 ( 77 ) dependencies for T = 7s. 

The values of lg(7^(7s) determined by the two methods are in good agreement. 
The conversion degree values fall within quite a narrow range (rjs = 0.25-0.35) and 
are close to those calculated from the heat-balance equation (rjs = 0.33-0.35). 

The effective activation energy of the high-temperature decomposition of the 
AP-PE mixture was found from the DTA data to be constant over the entire con- 
version degree range. Therefore the conversion degree on the burning surface of 
this mixture, r)s, was estimated using the heat-balance equation. The effective ac- 
tivation energy obtained by combustion and thermographic methods (208 < -Eeff < 
250 Id mol ') is in excellent agreement with that found by the method of AP-PE 
mixture ignition on a hot block (/-)„„ = 233 l<J mol 'j. 
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9 Kinetic of Deep High-Temperature Decomposition of Solid Propellants 


Such a good agreement between the kinetic characteristics determined by three 
methods indicates that the thermal decomposition mechanism for AP-based com- 
posite solid propellants is the same over a wide temperature range. 
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Chapter 10 

Theory of Decomposition Macrokinetics 
and Thermal Explosion of Volatile Explosives 


Abstract A theory for the thermal explosion of volatile energetic materials (liquid 
explosives widely used in rocket engineering, such as highly concentrated H 2 O 2 , 
hydrazine, ammonium perchlorate and nitrate, and others) is considered. The irre- 
versible decomposition of the condensed phases of these materials are accompa- 
nied by reagent evaporation (in the case of a solid compound, sublimation) and the 
saturation of the gaseous reaction product with reagent vapor. This effect should 
be taken into consideration when analyzing reaction-related processes, particularly 
heat evolution. The macrokinetics of these processes are discussed. Thermal explo- 
sion of volatile energetic material is analyzed in terms of the classical theory. The 
thermal explosion diagram for volatile energetic material (the Semenov diagram) 
is shown to differ significantly from those of gases and nonvolatile condensed en- 
ergetic materials. Expressions for the critical conditions for the thermal explosion 
of volatile energetic materials that can be used for engineering calculations are ob- 
tained. The correctness of the proposed theory of thermal explosion is confirmed 
by experimental data on the kinetics of heat evolution and thermal explosion of 
dinitroxydiethylnitramine. 


10.1 Introduction 

Results from detailed theoretical and experimental studies of thermal decomposi- 
tion and explosion of nonvolatile explosives can be found in the literature (see for 
example [1]). The decomposition of volatile explosives have been investigated with- 
out taking the effect of evaporation into account quantitatively (the important role of 
this process was emphasized in [2, 3], and some approaches to solving this problem 
can be found in [4]). 

The influence of evaporation on the macrokinetics of thermal decompositions of 
volatile explosives in open systems for zero- and first-order reactions is analyzed in 
this chapter. 

When evaporation accompanies volumetric thermal decomposition of a liquid, 
the phase transition occurs on the inner surfaces of gas bubbles (in volume) rather 
than on the liquid surface (plane). Due to high mass- and heat-transfer parameter 
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values, the gas in the growing bubbles is continuously saturated with vapor of the 
liquid (or partially decomposed liquid). As opposed to evaporation from the liquid 
surface, the process rate is determined by the volumetric reaction kinetics and by 
the humidity of the gas produced rather than by outward mass- and heat-transfer 
parameters. In other words, the evaporation is a volumetric process. The chemical 
reaction rate is significantly influenced by the evaporation since it occurs with heat 
absorption and results in a reduction in the amount of reagent. 

The situation where evaporation from the liquid surface prevails over the vol- 
umetric process (for example, in very slow reactions in a thin liquid layer) is not 
considered here, since it is not characteristic of explosion. 


10.2 Kinetics of Thermal Decomposition of Volatile Explosives 


Let us consider the kinetics of the reduction in the weight of a liquid under the 
conditions of a thermogravimetric experiment at constant temperature. Under quasi- 
stationary conditions, the total rate of the weight reduction {—dm /clt) can be ex- 
pressed as the sum of the gas formation and evaporation rates (dm g /dt and dm v /dt, 
respectively): 

dm dnig dm v 

dt dt dt ' 

dm dm g / dm v \ 

dt dt \ dm g J 

In standard kinetic experiments the process rate is considerably low, while the mass- 
and heat-transfer rates inside the bubbles are extremely high due to their small size. 
Taking these circumstances into account, one can assume the existence of thermo- 
dynamic equilibrium inside a bubble. In this case, 


dtlly fJ.\Py 
dmg PgPg 

Taking into consideration that P v + P g = /L and l\ = Poexp(— L/RT), one obtains 

dm v = P 0 exp(— L/RT) 
dnig /J.g P„ — Poexp(— L/RT) ’ 

where T is the liquid temperature, P„ is the pressure in the gas bubble (equal to the 
ambient pressure), L is the latent evaporation heat, Pq is the preexponential factor in 
the expression for the saturated vapor pressure of the original liquid, /i v and /i g are 
the molecular weights of original liquid vapor and the gas produced, respectively, 
and R is the gas constant. 

Substituting Eq. (10.2) into Eq. (10.1), one obtains 

1 fi w Ppexp(— L/RT) 
p g P„-P 0 exp(-L/Rr) 


dm dm. 
dt dt 


(10.3) 
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The gas formation rate can be expressed by using the relationship for a first-order 
reaction 


dm s , , 

— ^ = k(T)m. 
dt 

Using this, one obtains for the effective mass reduction rate constant 


(10.4) 


&eff = k{T) 


l Mv Poexp(-L/RP) 

+ At g P»-P 0 exp(-L/RP) 


(10.5) 


Now let us analyze the kinetics of gas evolution in this system using the same ap- 
proach. The heat balance can be expressed as the sum of the heat released at decom- 
position (gas formation) and absorbed during evaporation: 


dq dm g dm v 
dt 8 dt dt 1 

where Q % is the thermal effect per gram of gas. Using mathematical manipula- 
tions identical to Eqs. (10. 1)— (10.4), one obtains an expression for the rate of heat 
evolution: 

dq dm g 
dt 8 dt 

If the overall decomposition reaction can be written as 


1 - 


Lp v P 0 exp(-P/RP) 
Qf.li, /U - P 0 exp(— L/RT) I 


(10.6) 


a A (liquid) — > bB (gas) + cC (liquid or solid), 


then Eq. (10.6) can be transformed identically, yielding 

dq _ dmiqd 
dt dt 

where dm^/dt and Q refer to the decomposing liquid A. 

In this case, the measured value of the thermal effect of the process, Q e ff, depends 
on the true value of the thermal effect, Q, and on the experimental temperature and 
pressure (for a constant reaction mechanism): 


Lb P 0 exp(— L/RT) 
Qa Poo — Pq exp(— L/RT) 


Lp v Poexp(— L/RT) 
Qp g Poo - Poexp(-L/RP) 


( 10 . 8 ) 


This dependence is qualitatively illustrated in Fig. 10.1. For a certain temperature, 
P a d (independent of the reaction kinetics and dependent onP„), it can be determined 
from the equation 

| 4k Pq ex p(— P/RPad) =Q 

Qp g Poo - Pq exp(-L/RP ad ) 

6eff = 0. In other words, the process becomes thermoneutral. 

The conditions for which the influence of volumetric evaporation on the decom- 
position rate can be neglected can be obtained from Eqs. (10.5) and (10.6). Thus, 
one obtains for the gravimetric experiment: 
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Fig. 10.1 Plot of the normal- 
ized effect <2 e ff/f2g against 
the experimental temperature 
and the ambient pressure 



My Ppexp(-L/Rr) 
MgP=<.-Poexp(-L/Rr) 


and for the calorimetric experiment: 


LMv Poexp(— L/RT) 
GMg P°° - P 0 exp(— L/Rr) 


(10.8a) 


(10.8b) 


Therefore, in order to adequately study the kinetics for volatile compounds in open 
systems using the described approaches, the role of evaporation should be evaluated. 
One can use Eqs. (10.5) and (10.8) to do this. 


10.3 Thermal Explosion of a Volatile Explosive 

Let us consider the thermal explosion of a liquid volatile explosive. In the general 
case, a reaction occurring under nonisothermal conditions is accompanied by self- 
heating. Since the analysis of a thermal explosion in a liquid medium under complex 
nonisothermal conditions (due to free convection, mixing caused by the motion of 
bubbles, etc.) is very difficult, let us consider a system characterized by a uniform 
instantaneous temperature. In other words, let us analyze a thermally gradientless 
process that can take place at low coefficients of outward heat emission or dur- 
ing active mixing of the liquid. This approach to the analysis of thermal explosion 
has recently become quite popular due to the active development of experimen- 
tal methods for studying thermally gradientless processes (see Chaps. 6-9). Taking 
Eq. (10.7) into account, one can write a nonstationary heat-balance equation for a 
zero-order reaction, 

dT ( E \ 

cp^=Qk oexp^-j 


1 - 


Lb T , 0 exp(-L/R7’) 
Qa TL — Tbexpf— L/RT) 


rv C 

(T-T 0 ), (10.9) 
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where a is the heat emission coefficient, S is the heat-exchange surface area, p, c, 
V are the density, heat capacity and volume of the liquid respectively, and Tq is the 
ambient (thermostat) temperature. 

The first term on the right hand side of Eq. (10.9) referring to the kinetics of heat 
evolution is quite complex. As the temperature grows, its value first increases (not 
influenced by evaporation) and reaches its maximum value, and then it decreases 
due to evaporation-related heat absorption. Equation (10.9) can be rewritten as 


cp 


dT 

dt 


Qh) exp 



— Lko exp 



b P(,exp(— L/R7) 
a Tk, — T’oexp(— L/RT) 


aS 

V 


(T-T 0 ) 


(I) (II) (III) (IV) 

so that it can be considered a heat-balance equation for a process with volumetric 
(term III) and surface (through the vessel walls, term IV) heat emission, similar to 
chain termination in the volume and on the walls in the case of an explosive chain 
reaction. 

Let us consider possible stationary modes and critical conditions for this process. 
The best way to visualize the analysis is to use the Semenov diagram for the case 
under discussion (Fig. 10.2). The curves corresponding to heat evolution for the pro- 
cess with (2) and without (1) volumetric evaporation coincide at low temperatures 
(when the liquid vapor pressure is much lower than the ambient pressure). In this 
case, the limiting explosion temperature, T* , exceeds the temperature characteris- 
tic of the process without evaporation, T*. One can see from Fig. 10.2 that, if all 
other conditions are the same, the critical heat emission, (aS/V)*, corresponding to 
the explosion initiation limit for a volatile liquid is lower than that for a nonvolatile 
compound (characterized by the absence of volumetric heat absorption). The pro- 
cess characteristics corresponding to the region below the explosion initiation limit 



Lb P 0 e\p(-L/RT) 
Qa P x 


Fig. 10.2 The Semenov diagram for the thermal explosion of nonvolatile (I ) and volatile (2) ex- 
plosives. Straight line 3 corresponds to heat removal in the region above the explosion initiation 
limit, determined only by the condensed-phase reaction (without taking evaporation into account) 
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(the point at which the heat emission curve crosses the heat evolution curve be- 
low the inflection point) are similar to the characteristics of the process that occurs 
without volumetric evaporation (in the latter case the stationary heating is slightly 
higher). The behavior of the liquid under conditions corresponding to the region 
above the explosion initiation limit is of particular interest. 

It is known that the temperature of the nonevaporating substance in the region 
above the explosion initiation limit grows rapidly (after an induction period) during 
thermal explosion, up to quite high values close to the adiabatic combustion (ex- 
plosion) temperature. The behavior of a volatile liquid explosive is completely dif- 
ferent. If the heat emission conditions correspond to the region above the explosion 
initiation limit (Fig. 10.2, line 3), a new stationary mode of the process occurs due to 
the specific character of the heat evolution function. This mode is characterized by 
a high warm-up A7’ s , = T st - Tq , which significantly exceeds the maximum warm-up 
(R7 q \. r /E) determined via the classical Semenov theory for gases and nonvolatile 
condensed systems. 

In this case, the temperature of the liquid, T si , is determined by a combination of 
kinetic constants, volumetric evaporation parameters and heat-transfer characteris- 
tics, and can be found by computationally solving (10.9). The upper limit of the tem- 
perature of the liquid is T a d, which corresponds to the adiabatic process aS/V = 0 
(Fig. 10.1). By placing the term in square brackets in expression (10.1) equal to zero 
and introducing the theoretical liquid boiling point, determined from 

;>_ = fbexp(-_L) 


one obtains 


RT b 2 ln(l +Lb/Qa) 

~L~ 1 + (R7j,/L) ln( 1 +Lb/Qa) ' 


Taking into account that, as a rule, 


R7b 

L 


In 



« 1, 


then expression (10.10) can be simplified to 


Tad 


2k 



Lb 

Qci 


)• 


( 10 . 10 ) 


( 10 . 11 ) 


One can see from Eqs. (10.10) and (10.11) and Fig. 10.1 that T a d increases as the 
ambient pressure increases and always remains below the boiling point. 

At T st the process occurs vigorously and is characterized by significant heat evo- 
lution, resulting in active vapor formation. In experimental studies this process is 
interpreted as a flash. The flash can be accompanied by a bright glow in the case 
of self-inflammation of the vapor-gas mixture or it can occur as a flameless pro- 
cess. Since it is a matter of special interest, the analysis of the critical conditions 
for vapor-gas mixture self-inflammation is not considered here. In experiments on 
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thermal explosions of Tetryl and DINA (see Sect. 10.5), both flameless flashes and 
flashes with glow were observed. In the case of insignificant evaporation at rela- 
tively low temperatures 7o, the transition from low degrees of warm-up (~Rr 0 2 /7s) 
to high ones (AT sl = 7’ st - To) is determined by the condensed-phase reaction. The 
critical conditions for this process can be obtained by using standard expressions 
from thermal explosion theory that does not take the explosive volatility into ac- 
count. It is interesting that, in the case of a flameless process taking place in the 
region above the explosion initiation limit, the stationary warm-up, AT st , decreases 
with increasing Tq (at aS/V = const). As soon as To reaches 7’ a( i- AT changes sign. 
Upon increasing To still further, the process occurs with underheating, and the tem- 
perature of the liquid approaches the theoretical boiling point. 


10.4 Estimation of the Critical Conditions for Thermal 
Explosion of a Volatile Explosive 


Let us consider the critical conditions for the thermal explosion of a liquid volatile 
explosive. If at To the pressure of the original liquid vapor is significantly lower than 
the ambient pressure: 

Psv(Tq) « Poo, (10.12) 

then the explosion limit maximum warm-up (AT* = T'-To) can be estimated by 
using a simplified expression for the heat evolution rate, 


Qko exp 



Lb P 0 exp(-L/RT) 

Q a 7L — 7bexp(— L/RT) 


~ Qko exp 


E \ I” L b Poe\p(—L/RT) 
RrJ[ Q~a PL 


After performing the corresponding substitution in Eq. (10.9), differentiating both 
parts, and solving the set of two equations using the Semenov approach (equality of 
the heat emission and heat evolution functions and their derivatives at the contact 
point for the heat evolution and heat emission curves), one obtains 

L 2 b P() exp (—L/RT’*)! 1 
QE a 7L 


AT* = T* -T 0 = 


R T* 


After transforming this equation using the Frank-Kamenetsky approach (expansion 
of exp(—L/RT) around T = Tq + RTq /E), one obtains 


AT* 


Rgr ^exp(L/£) AM 
E [ QEa exp(— L/R7),) F \ R T 0 ) 


(10.13) 


Taking into account condition (10.12), one can obtain an expression for the critical 
condition from Eq. (10.13): 
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VQk 0 exp{-E/RT Q ) eE 
aS R P 0 2 


Lb / L\ exp(— L/R7o) _ L 
0^ V + pJ exp(— L/R7b) 6XP P 


= 1 . 


This expression differs from the Semenov critical condition by the term in the square 
brackets on the left hand side. According to this expression, the critical conditions 
(in the general case) for a volatile explosive can be attained at lower heat removal 
(emission) rates due to partial heat removal by volumetric evaporation. On the other 
hand, if the liquid vapor pressure is much lower than the ambient pressure or the 
thermal effect of the reaction is much higher than the phase transition heat, that is 


exp 




exp(— L/RTp) 
exp(— L/Rr b ) 


the critical condition obtained becomes identical to the Semenov one (valid in the 
absence of volumetric evaporation). 

Since exp(L/E)(Lb/Qa)(l +L/E ) ss 1 for many practically interesting systems, 
the classical theory, which does not take volumetric evaporation into account, can be 
used to estimate the critical parameters for thermal explosion provided P sv (Po) P*. . 

Now let us consider the critical conditions for thermal explosion (flameless flash) 
in a liquid explosive in a more general form. 

Introducing the generalized function of heat evolution 

r/S 

F(T) = -(T-T 0 ), 


where 


F(T) = Qpk 0 ex p 




LhPoexp(-L/RT) 

Qa [Poo — Pq exp(— L/RT)] 


one can rewrite the heat-balance equation for stationary conditions. 

Using the Semenov method, one can obtain a set of equations that determine the 
critical conditions 


F(T*) = 
F'(T*) = 


aS , ± 
— (T* 
V y 
aS 

~V ’ 


To), 


where T* is the temperature of the liquid under the conditions of the explosion 
initiation limit. 

These equations implicitly connect the following process parameters in the vicin- 
ity of the explosion limit: the ambient temperature, To, the reduced heat emission, 
aS/V, and the temperature of the liquid, T*. The analytical expression for the 
warm-up and heat transfer in the vicinity of the explosion initiation limit cannot 
be obtained in its explicit form due to the significant complexity of F(T). However, 
they can be written in a simple parametric form: 
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T T 1 * 

*0cr — 


F(T*) 

F'(T*y 


(fL =f ' (n ' 

Due to the inflection of the F(T) curve at 7j* determined by the equation F"(T)= 0, 
the system can attain the critical conditions for thermal explosion only if 


aS ( aS\ 

-<‘t) 


V 


lim 


°£) =F'(T£ J. 

v ' lim 


At > (^r)|i r m only a single value of the liquid temperature corresponds to any 
value of Tq. The same restriction is applied to the ambient temperature. The critical 
transition is feasible only if 


TO < 7()Tim 


and 2oum = T L - 




This peculiar dependence of the stationary warm-up on the process parameters is 
qualitatively illustrated by the diagram for a model liquid presented in Fig. 10.3. 
The following inequalities correspond to curves 1-7: 


0 = 



oo. 


Fig. 10.3 Plot of the liquid 
warm-up against the ambient 
temperature at constant ambi- 
ent pressure (see explanation 
in the text) 
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10.5 Verification of Theoretical Results Using Data 
on the Thermal Explosion of DINA 

The main theoretical conclusions and results were qualitatively verified using data 
for the decomposition and thermal explosion of dinitroxydiethylnitramine (DINA, a 
typical secondary “volatile” explosive). DINA is one of the most convenient model 
compounds for studying thermal explosions of liquids due to the pseudo-zero-order 
reaction of the initial decomposition stage (due to the relatively small amount of 
condensed decomposition products [5]). The decomposition of DINA was also in- 
vestigated in earlier works [6, 7], 


10.5.1 Experimental Technique 

Experimental studies of the macrokinetics of the thermal decomposition and ex- 
plosion of DINA were carried out using an absolute (nondifferential) thermo- 
graph with variable pressure in the working chamber (Fig. 10.4) at temperatures of 
130-180°C (experiments on thermal decompositions and explosions of liquids 
were performed at constant temperatures (7b) in a thermostat) at the pressures of 
5 x 10^ 3 -5 x 10 _1 MPa. 


Fig. 10.4 Experimental setup: 
1 , sealed flow thermostat; 2, 
Dewar vessel; 3, pressure- 
vacuum gauge; 4, trap filled 
with liquid N 2 ; 5, vacuum 
pump; 6, electronic poten- 
tiometer; 7, intensifier; 8, 
valve for high-pressure line 


No 



glycerin 
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10.5.2 Experimental Results: Kinetics of the Initial Stages 
of DINA Decomposition 

In this case, the decomposition thermograms are characterized by a clearly defined 
plateau in the initial part followed by a slow monotonous dip. The thermal effect of 
the reaction was found by integrating the thermograms to be Q = 3 . 9 ± 0 . 2 kJ cnP 3 . 

The kinetics for the initial stage of the decomposition at various pressures, ob- 
tained using Q = 3.9k.lcm 3 , is illustrated in Fig. 10.5. As the pressure grows, the 
decomposition rate at T = const increases, while the effective activation energy de- 
creases from E « 187.5k.fmoP 1 at TP = 5 x 1CP 3 MPa to E k, MS.SkJmoP 1 at 
Poo = 1 0 1 MPa. These two limiting values are in good agreement with literature 
data on the kinetics of DINA decomposition obtained under significantly different 
conditions for product removal. The first value (187.5 kJ moP 1 ) was obtained in 
[8] for decomposition in a Bourdon device characterized by very small mlv ratios 
(where m is the sample weight and v is the working chamber volume). The second 
value (145.8 kJ mol -1 ) was determined for T) = 0. 1-0.2 and pressures significantly 
exceeding 5 x 1 0 1 MPa (the crude estimate of the conditions used in [9] gives a 
minimum pressure of 15 MPa at rj =0.1). 

The results obtained can be explained by the catalytic effect of the gaseous de- 
composition products on the overall process of DINA decomposition. These prod- 
ucts are present in the liquid in the form of small bubbles. As the pressure in the 
thermograph’s working chamber grows, the pressure in the “liquid-gas (reaction 
product)” also increases. This results in the diminution of the bubbles and, accord- 
ing to Stokes’ law, decelerated bubble flotation. According to Henry’s law, the con- 
centration of dissolved gaseous products that catalyze the decomposition increases. 
These factors promote autocatalysis in conjunction with pressure growth in the sys- 


lg* 


Fig. 10.5 Kinetics of the 
initial stages of DINA decom- 
position at P x = 5 x 1(P 3 (7), 
2 x 1(P 2 (2), 4 x 1(P 2 (3), 
KP 1 (4), 5 x 10-' (5) MPa 
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tem. Thus one can conclude that the kinetics of the initial stage of DINA decom- 
position is characterized by two limiting activation energies: E « 1 87.5 kj mol 1 in 
the absence of autocatalysis and E ss 145.8 kJ mol 1 at maximum autocatalysis. The 
corresponding expressions for the rate are 

k = 2.5 x 10 13 exp(— 35000/Rr)[s -1 ] at P„> 10 _1 MPa, (10.14) 

k = 3 x 10 18 exp(-45000/R7’)[^ 1 ] at TE < 5 • 10~ 3 MPa. (10.15) 

Strictly speaking, the true rate constant of the initial stage is determined by ex- 
pression (10.15), since otherwise — see Eq. (10.14) — it is implied that some of the 
decomposition products have accumulated in the system. 


10.5.3 Macrokinetics of Heat Evolution During DINA 
Decomposition: Thermal Explosion 

The experiments used to study the critical conditions for DINA thermal explosion 
at various pressures were carried out using the experimental setup schematically 
shown in Fig. 10.4. 

First, let us consider the qualitative characteristics of the process (Fig. 10.6). At 
low pressures (/A 5 x 1 0 3 MPa) the maximum sample warm-up value, A7’ s , = 

Tmax - To, does not exceed 5.3°C. As To grows, A7’ s , initially increases, reaching 
its maximum value at To = 152°C, and then it decreases, passing zero (at To = 
179°C), so the sample temperature under stationary conditions becomes lower than 
the thermostat temperature To (A7’ st < 0). 

The increase in the pressure results in a dramatic change in the situation. As 
To grows up to a certain value (T 0 cr ), the warm-up value increases monotonously. 
Upon passing Tf it increases very rapidly. For example, at 7„ = 2x 10~ 2 MPa 
and To = 145. 5°C AT^ = 12 deg, and at Tq = 150°C AT st = 28 deg. As To is in- 
creased further, A7’ s , reaches its maximum value and then decreases. As the pres- 
sure increases up to P*. = 4 x 1 0 2 MPa, this pattern becomes more pronounced: 
at To = 143. 5°C A T st = 11.5 deg, and at Tq = 145.5°C AT st = 47.5 deg. The life- 
time of such high warm-ups is quite short (several minutes) and they reduce due to 
burning-out. The conversion degree corresponding to the maximum AT st estimated 
using the method proposed in [10] does not exceed rj = 0. 1-0.2. At To > 7o cr and 
P > 0. 1 MPa, quasi-stationary warm-up growth ceases at some point. The warm-ups 
in the system grow very rapidly, attaining very high values. The maximum warm-up 
values can be recorded with high accuracy, while the process dynamics cannot be 
followed by devices with response times of about 1 s (microgalvanometric amplifier 
and electronic potentiometer). 

In this case, due to the absence of the temperature distribution over the sample 
volume (Bi < 1), the classic Semenov scheme can be applied to analyze the heat 
evolution: 
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Fig. 10.6 The Semenov 
diagram for the thermal 
explosion of DINA at 
Poo = 5 x 1(T 3 (1), 2 x 1CD 2 
(2), 4 x 10- 2 (5), KT 1 (4), 
5 x IQ- 1 (5) MPa 


q, 10 2 J/(cm s) 



q{T)=—AT sU 
T = T 0 + AT st . 


(10.16) 


The q(T) dependence (the Semenov diagram) can be plotted from the AT sl (To) data 
using Eq. (10.16). The plots obtained for Poo = const are shown in Fig. 10.6. 

At low To, the shapes of the curves are typical for the thermal explosion of non- 
volatile explosives (exponential temperature dependence). As To increases (espe- 
cially at low Poo) the shapes of the curves change. The divergence of the curves in 
the low-temperature region is associated with autocatalysis with gaseous decom- 
position products, as discussed in the previous section (increasing the pressure in- 
creases the decomposition rate). The critical temperature at Poo = 1 0 1 MPa and 
aS/V = 1.5 x 10 2 Jem 3 s _1 deg -1 is T 0 cr = 142. 0°C. The experimental value for 
the maximum warm-up in the vicinity of the explosion initiation limit is found to be 
AT max 10.5°C. 

The unusual character of the q(T) dependencies at low pressures and elevated 
temperatures can be explained using the theory of the thermal explosion of volatile 
explosives presented above, which takes the effect of volumetric evaporation into 
account. As the temperature increases, heat evolution during the decomposition of 
the liquid explosive occurs simultaneously with heat absorption due to liquid evap- 
oration from the inner surface of the bubbles of the gaseous product. In this case, 
the heat-balance equation for stationary conditions is 


/ _E_\ [ 4h Poexp(-L/RT) 

V R77 L QPg P°° ~ Po exp(— L/RT) 


aS 

V 


(T-T 0 ). 


(10.17) 
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At high pressures (7k, > 1 0 1 MPa) and low temperatures, the term in the square 
brackets is close to unity, heat losses due to volumetric evaporation are negligible 
and the compound exhibits the behavior characteristic of a nonvolatile substance 
until the critical conditions are reached. As the temperature is increased (or the 
pressure is decreased), the effect of the volatility increases, resulting in a decrease 
in the total positive thermal effect. At 7o = T a &, determined using expressions (10.10) 
and (10.1 1), the compound overheat with respect to the medium is zero. At Tq > T ac j 
under stationary conditions the liquid is underheated (A7’ st < 0), since the amount of 
heat required for its evaporation is higher than the amount of heat released during 
the chemical reaction (Fig. 10.6, curve 1). 

For certain combinations of the decomposition kinetic parameters and experi- 
mental conditions (see Sect. 10.3), the system performs a very rapid transition from 
the low warm-up mode to the high (from dozens to hundreds of degrees) warm-up 
mode. The boundary (with respect to the parameters) between these two modes is 
determined by a critical condition that depends on the kinetics of the decomposi- 
tion of the explosive condensed phase. The decomposition pattern for a compound 
already affected by a high warm-up is mainly determined by the kinetics of vapor- 
phase decomposition. If the latter process is active enough and the heat and mass 
transfer from the system are relatively poor, “crossing the boundary in the con- 
densed phase” will be followed by vapor self-inflammation. In the opposite case, 
after “crossing the boundary in the condensed phase,” decomposition of the com- 
pound occurs in the “flameless flash” mode. 

To conclude, let us return to the critical conditions for the thermal explosion of 
DINA at atmospheric pressure. Data on the critical conditions for the thermal explo- 
sion of DINA from [6] (thermostating with forced mixing) and [11] (thermostating 
in a Dewar vessel) treated using the Semenov expression, as well as data obtained 
in our work, are shown in Fig. 10.7. The straight line in Fig. 10.7 is plotted using 
the expression for the rate constant Eq. (10.14) obtained in our work. The good 


Fig. 10.7 Critical conditions 
for the thermal explosion 
of DINA at 7k = ICC 1 MPa 
based on literature data (un- 
filled circles [6], filled circles 
[11]), calculated using expres- 
sion (10.14) ( straight line), 
and obtained based on exper- 
imental data from our work 
(filled diamond) 
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agreement observed between the experimental and theoretical results confirms our 
suggestion of a significant autocatalytic influence from the gaseous reaction prod- 
ucts on the thermal explosion at pressures of about 1 0 1 MPa. 
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Chapter 11 

High-Temperature Decomposition and Thermal 
Explosion of Liquid Propellant Components: 
Hydrogen Peroxide and Hydrazine 


Abstract Highly concentrated H2O2 and hydrazine are energetic materials that have 
been widely used in rocket and space engineering. Since these liquids undergo 
heating in various systems over a very wide temperature range, the study of their 
decomposition kinetics at these temperatures is of significant importance. Original 
instruments for measuring very high and very low decomposition rates (correspond- 
ing to almost the entire temperature interval of practical interest) of these liquids are 
described. Data on the thermal explosion of highly concentrated H2O2 and kinetic 
constants for its homogeneous decomposition (corresponding to a range of decom- 
position rates covering six orders of magnitude) are given for the first time. Data on 
the rate of heterogeneous decomposition of highly concentrated H2O2 on surfaces 
of various practically interesting construction materials are presented. Similar data 
for hydrazine are also given in this chapter. 


11.1 Introduction 

This chapter is devoted to a discussion of the macrokinetics and kinetics of the 
thermal decomposition of highly concentrated liquid hydrogen peroxide (h/c H2O2) 
and N2H4 (hydrazine), which were selected from numerous liquid propellants for 
reasons given below. Due to its high-energy and performance characteristics, h/c 
H2O2 has been used as an oxidizer in rocket engines and torpedoes as well as a 
monopropellant in the catalytic units of space vehicle orientation and touchdown 
engine systems for quite a long time. In the past few years its range of applications 
has been significantly widening since, from an environmental safety point of view, 
h/c H2O2 has and will continue to have few competitors. Since the only products of 
its decomposition are oxygen and water, h/c H2O2 has been used in the life-support 
systems of spacecraft. From a practical point of view it is worth noting that the high 
reactivity of h/c H2O2 means that if it is accidentally spilled it quickly converts into 
water. However, the use of h/c H2O2 is also associated with some problems due to 
its low thermal stability and ability to decompose catalytically upon contact with 
quite inert metals. Based on his personal experience of working in committees that 
have investigated many accidents, the author of this book came to the conclusion 
that h/c H2O9 can be considered the most dangerous (with respect to explosions 
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and fire hazards) liquid propellant component, especially in monopropellants. This 
conclusion is backed up by the following relatively recent serious accidents. 

An accident in the Russian submarine Kursk which sank in the Barents Sea in- 
volved an h/c H^Or-fueled torpedo explosion. Before this accident, on 18 March 
1980, an A-7 rocket exploded during fueling, killing 48 people at the Plesetsk space- 
port [1]. As was discovered by the author of this book, the accident was caused by 
the thermal explosion of h/c HrCB which came into contact with catalytically active 
Pb-containing solder. The soldering alloy was mistakenly used by a manufacturer 
to solder a stainless steel screen filter in the h/c H 2 O 2 supply line. The author was 
honored with a Plesetsk Spaceport Diploma for investigating the accident and devel- 
oping a number of practically important recommendations regarding fire and explo- 
sion safety when using h/c H 2 O 2 . Nowadays, since the widespread use of h/c H 2 O 2 
has meant that it must be stored for a long time in tanks of various machines and 
devices, the issue of its heterogeneous decomposition upon contact with surfaces 
of construction materials is still very important. Data on this matter is scarce in the 
literature. 

In contrast to h/c H 2 O 2 , at long-term storage temperatures liquid hydrazine ex- 
hibits high thermal stability. Because of this, as well as its high-energy character- 
istics, hydrazine is widely used for various applications (for example, in the Space 
Shuttles) and is considered a promising material for use in future space engineering. 

However, in order to be able to analyze the performance of hydrazine in units that 
are used for several years, data on its low-temperature homogeneous and heteroge- 
neous decompositions upon contact with construction materials of tanks, pipelines, 
etc., are required. In addition, it is also important to obtain information on the high- 
temperature decomposition and thermal explosion of hydrazine. This necessity is 
explained by considering the characteristics of a catalytic unit operating according 
to a standard cyclogram. During a stop phase, monopropellant is not supplied to 
the unit. Under these conditions, hydrazine in the cutoff valve and in the supply 
pipeline rapidly heats up due to the heat from the cooling (but still burning hot) cat- 
alytic unit. Without employing special measures in order to suppress the heating-up 
effect, thermal explosions of hydrazine can occur. 

Such a scenario was discussed in [2], where the increased explosion hazard pre- 
sented by hydrazine use in the Space Shuttle was emphasized (hydrazine is used in 
a turbo-compressor unit that drives the hydraulic system). 


11.2 Some Additional Experimental Techniques 


The kinetics of the thermal decomposition and explosion of h/c H 2 O 2 and hydrazine 
was studied using a method described in Sect. 10.5, a manometric method devel- 
oped by Prof. Nechiporenko (Institute of Chemical Physics Problems of the Rus- 
sian Academy of Sciences), and techniques using specially designed kinetic devices 
(automatic volumetric device (AVD) and Microdroplet). 

The use of the AVD and Microdroplet devices allows one to obtain information 
about the decomposition macrokinetics over a very wide temperature range: high 
temperatures correspond to conditions in the pipelines of a liquid rocket engine 
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cooling system, while moderate and relatively low temperatures are characteristic of 
monopropellant storage. In contrast to the kinetic characteristics of dilute aqueous 
solutions of H 2 O 2 , data on the homogeneous and heterogeneous decompositions of 
h/c H 2 O 2 are rare and inconsistent. The corresponding data for hydrazine are only 
reported in [3] and [4]. 


11.2.1 Automatic Volumetric Device (AVD) 

The main part of the device is an automated gas burette with a compensation ves- 
sel that moves via a reversible motor. A U-tube gauge responding to the pressure 
change in the sealed system in which decomposition of the liquid takes place is 



Fig. 11.1 Circuit principle of AVD-3: 1 , reversible motor; 2. potentiometric sensor; 3, gas burette; 
4, U-tube gage; 5, reaction vessel; 6 and 7, hydroseals; 8 , guidescrew; 9, compensation vessel; 
TS1 and TS2, upper and lower terminal switches; SI, switch between the operation modes (gas 
evolution and gas absorption); R, relay with sets of contacts CR1, CR2 and CR3 controlling the 
operation of the reversible motor for the actuation of the terminal switches 
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Fig. 11.2 Circuit principle of 
AVD-5: 1, gas burette; 2, 
manometer and photocell; 3, 
baseplate; 4, compensation 
vessel; 5, compensation 
vessel tray; 6, guiding rod; 7, 
thread connecting the 
compensation vessel tray with 
the electronic recorder slide; 
8, recorder slide; 9, terminal 
switch; 10-12, hydroseals 



used as a sensor in the engine follow-up controls. The use of hydroseals in the line 
connecting the burette volume and the ambient atmosphere and terminal switches in 
the reversible motor-compensation vessel-potentiometric sensor of the compensa- 
tion vessel system ensures completely automated AVD operation. As gas collects in 
the system the compensation vessel moves down, and this is recorded on the elec- 
tronic potentiometer chart. When the burette is completely filled with the gas (the 
lowest position of the compensation vessel), the first terminal switch triggers the 
lifting of the compensation vessel by the reversible motor, while the gas is released 
to the ambient air through a hydroseal. At the uppermost position of the compensa- 
tion vessel the second terminal switch triggers the return of the follow-up controls 
to the normal working mode. 

Thus one obtains a saw-toothed curve corresponding to the recorded process of 
gas evolution. In the experiments, devices with separated follow-up control and 
recording units (AVD-2 and AVD-3) as well as a quick-response device (AVD-5) 
were used. In AVD-5, the follow-up controls of the electronic recorder are re- 
sponsible for the simultaneous motion of the compensation vessel and the recorder 
printing head. AVD-5 can be used for recording processes that are characterized 
by gas-evolution rates of up to 40 ncm 3 s~ 1 , and up to 2ncm 3 s _1 when AVD-2 
and AVD-3 are used. Schematic diagrams and a photo of the devices are given in 
Figs. 11.1-11.3. 


11.2.2 Microdroplet Device 

The operation of this device is based on liquid displacement from a closed vessel 
kept at a constant pressure due to the evolution of gas during the decomposition of 
the liquid under study (Fig. 11.4). The increase in the volume of the displaced liq- 
uid (which is identical to the volume of the evolved gas) is recorded as a function of 
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Fig. 11.3 Photo of AVD-3 


time. The liquid displaced from the vessel connected to the reaction flask drops from 
a capillary to a collector. The amount of gas in the reaction flask is determined by 
periodically weighing the collector. For a wide range of low rates of liquid displace- 
ment the duration of droplet growth on the capillary top significantly exceeds the 
duration of the nonstationary formation of the droplet bottleneck in its upper part. 
At the moment of droplet detachment, its weight (and volume) does not depend on 
the displacement rate and it is completely determined by the capillary parameters 
and properties of the liquid (surface tension and density). This circumstance allows 
one to use this device to measure extremely low rates of gas evolution by recording 
the detachment times of individual droplets. A single droplet volume can be deter- 
mined with high accuracy by periodically weighing the collector, which contains a 
known number of droplets. 

In these experiments, a photocell installed near the capillary top was used. A 
simple integrator was used to record the number of impulses as a function of time. 


Fig. 11.4 Schematic diagram 
of the Microdroplet device: 1, 
reaction flask; 2, vessel with 
liquid being displaced; 3, gas; 
4, outlet tube; 5, tube for 
filling vessel 2; 6, tube for 
liquid supply during 
calibration of the device; 7, 
registration unit; 8, capillary; 
9, stopcock for pressure 
equalization; 10, photodiode 
pocket; 11, displaced liquid 
collector; 12, lighting pocket; 
13, hydroseal; 14, hydroseal 
vessel 





178 


1 1 High-Temperature Decomposition and Thermal Explosion 


Thus gas evolution in the Microdroplet device was recorded as a step-like curve 
with steps of the equal height and varying width. 

A high device sensitivity is ensured by applying perfluorinated liquids character- 
ized by a low surface tension and forming very small droplets of a constant volume 
(V <10 3 cm 3 ). It is easy to show that at a displacement rate of one droplet per 
hour and a decomposing liquid volume of 1000 cm 3 (the amount of gas evolved per 
volume unit for h/c H 2 0 2 is almost identical to that of hydrazine), decomposition 
occurring with the rate constant of k ss 5 x 10 13 s’ 1 is recorded. Such a rate con- 
stant is approximately 50 times lower than that of the homogeneous decomposition 
of the most stable h/c H 2 0 2 samples under real conditions at a temperature of 20°C. 
Express methods for monitoring h/c ITCH and hydrazine stability under conditions 
of long-term storage were developed based on the described approach. 

The kinetics of the thermal decomposition and explosion of hydrazine were also 
studied by a manometric method mentioned above and by a thermograph-based 
setup similar to that described in Sect. 10.5.1 with an electrically heated thermostat 
and sealed glass ampoules containing hydrazine. 

Before discussing the main results of the study of the thermal decomposition of 
h/c H 2 0 2 and hydrazine, some comments about the reaction mechanisms should 
be made. Data on the decomposition mechanism of highly concentrated liquid hy- 
drazine are rare in the literature, although the kinetics of the vapor were thoroughly 
investigated by Eberstein and Glassman [5] and Manelis and coworkers [6, 7]. The 
h/c H 2 0 2 decomposition mechanism was studied more actively, but most works 
have been devoted to the low-temperature process [8, 9, 10, 11]. The most impor- 
tant contribution to studying the mechanism of h/c H 2 0 2 low-temperature decompo- 
sition was made by Purmal and coworkers [12, 13]. Some of our experimental and 
theoretical research was also devoted to gaining a better understanding of the chain 
mechanism of h/c H 2 0 2 decomposition; in particular, to the qualitative analysis of 
the role of iron ions in the process [14], However, since this book is mostly devoted 
to macrokinetic aspects of decomposition and explosion processes, material on the 
mechanisms of h/c H 2 0 2 and hydrazine decomposition is not presented here. 

Thus the topics considered in this chapter are as follows: determination of the for- 
mal kinetic parameters of the liquid-phase decompositions of the monopropellants 
over the widest possible temperature range; analysis of the effects of practically 
important construction materials on the process kinetics; an experimental study of 
the thermal explosion initiation mechanism and comparison of the experimental and 
theoretical data. 


11.3 Thermal Decomposition of h/c H 2 O 2 

11.3.1 Kinetics of the Homogeneous Decomposition of h/c // 2 0 2 

The kinetics of the homogeneous decomposition of h/c H 2 0 2 (samples of com- 
mercial monopropellant, concentration 94-97%) were studied over the temperature 
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range 25-1 80°C. Volumetric methods (AVD, Microdroplet and others) were used at 
25-90°C and atmospheric pressure, while the calorimetric (thermographic) method 
(see Fig. 10.4) was employed at temperatures exceeding 100°C and elevated pres- 
sures (1. 5-4.0 MPa) according to the “nonvolatility” requirement (see Eq. 10.8a). 

To identify the effect of the reaction vessel material on the h/c H 2 O 2 decomposi- 
tion, a number of experiments involving several materials at various FIV ratios were 
carried out ( F is the area of the vessel’s inner surface, V is its volume). For vessels 
made of molybdenum glass, opaque quartz and (to a lesser degree) pyrex glass, the 
FIV ratio was found to significantly influence the h/c H 2 O 2 decomposition rate. In 
contrast, in the cases of Teflon and optical grade quartz, the decomposition rate was 
close to its minimum value, and a 3-4-fold change in the FIV ratio did not affect it. 
Thus, under these conditions the liquid phase decomposition of h/c H 2 O 2 occurs as 
a homogeneous process, while the contribution of heterogeneous decomposition on 
the vessel walls is negligible (Fig. 1 1.8). 

The thermograms obtained were analyzed using the method developed in [15]. 

A typical thermogram obtained in the experiments aimed at determining the 
thermal effect of the reaction, Q, is given in Fig. 11.5. The experimental value of 
g = 2.75±0.13kJg~ 1 was found to be close to that calculated from thermochemical 
data (<2 = 2.88kJg“ 1 ). 

The initial and final H 2 O 2 concentrations were determined with a minimum accu- 
racy of 0.3% from the refraction index data obtained using a precision reflectometer 
IPF-23 (by using tables [8]). 

The decomposition of h/c FEO 2 was found (from thermogram data) to be a first- 
order reaction (n = 0. 9-1.0). Data corresponding to a temperature of 140°C are 
presented in Fig. 1 1.6 as an example. 

Due to the fact that the isothermal decomposition reaction without self- 
acceleration exhibited rather long periods of quasi-stationary character (see for ex- 
ample Fig. 1 1.7), most of the thermographic experiments were performed according 
to the following simple scheme. The liquid with initial concentration co was kept at 
a constant temperature To up to the point that the quasi-stationary mode, charac- 
terized by a constant (maximum) warm-up A7[ t , began. Then the experiment was 
terminated, the liquid was cooled and the final concentration Cfi n was measured. The 
final conversion degree, r)fi n , was calculated from the value of Cfi n . The correctness 
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Fig. 11.5 Typical 
thermogram obtained for 
decomposition of h/c H 2 O 2 at 
P x = 1.6 MPa, To = 149. 5°C, 
bfin = 0.9, aS/Vp = 

8.3 x ltrMg-'s-'deg- 1 
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Fig. 11.6 Determining the 
reaction order for the thermal 
decomposition of h/c H 2 O 2 at 
T = 140°C 


lg(df|/df) + 5 



of rjfin was double-checked by integrating the thermogram. For short experiments 
(40-50 min), the conversion degree is very low and its value should only be taken 
as accurate when fast experiments are performed at high temperatures, h/c HtO? 
decomposition constants covering 1.5-2 orders of magnitude were calculated as 
aSA T st 

k = gy — - — - from thermographic data obtained using photovoltaic amplifiers 

in combination with a precision ultrathermostat from Brabender. The kinetic pa- 
rameters estimated from the data plotted in Fig. 11.8 are E = 85.8 Id mol 1 and 
k 0 = 4.5 x 10 5 s -1 . 

The studied h/c FFCF samples were characterized by different values of the initial 
concentration and the so-called thermal stability index (TSI, equal to the amount 
of O 9 expressed in ncm 3 evolved from 50 ml of FI 2 O 2 in a glass vessel at T = 
96°C for 1 h [16]). Since the TSI is currently widely used to qualitatively evaluate 
the h/c H 2 O 2 stability, the analysis of the relationship between the TSI and kinetic 
constants of homogeneous decomposition was of significant interest. The results 
of this analysis are shown in Figs. 11.9 and 11.10. The TSI did not influence the 


Fig. 11.7 Initial parts of 
thermograms for h/c H 2 O 2 
decomposition at various 
temperatures and 
P„ = 1.6 MPa 
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Fig. 11.8 Arrhenius plot of 
the rate of heat evolution 
during the decomposition of 
h/c H 2 O 2 (96%, TSI = 14) in 
optical grade quartz 
(F/V = 1.3 (1), 1.9(2), 

4.0 (3) cm -1 ) and Teflon 
0 F/V = 1.3 (4), 4.0 (5), 

2.0 (6) cm -1 ) vessels at 

P„ = 1.6 MPa. The data were 
obtained by the 
thermographic method 


Qkoe~ E/RT , J/(cm 3 s) 



T~\ 10 3 K _1 


effective activation energy. In contrast, the preexponential factor in the expression 
for the rate constant linearly increases as the TSI increases. 

Thus one reaches the conclusion that the TSI reflects the contribution from the 
homogeneous process to the decomposition rate. Data on decomposition kinetics 
obtained for h/c HtO? samples with various initial TSI values can be plotted in 
Arrhenius coordinates as one straight line with a normalized TSI. 

The final Arrhenius plot generalizing the experimental data on high- and low- 
temperature decomposition of h/c H 2 O 2 obtained using thermographic and volu- 
metric methods is shown in Fig. 11.11 (the data are normalized to TSI = 14). The 
experimental points, which cover a wide temperature interval (25-1 80°C) and a 
wide range of homogeneous decomposition rates (~ 6 orders of magnitude), fall on 


Fig. 11.9 Decomposition 
kinetics for h/c H 2 O 2 with 
TSI = 26-30(1), 17-19(2) 
and 9-11 (5) 
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Fig. 11.10 Plot of the 
pre-exponential factor in the 
expression for the rate 
constant for the 
decomposition of h/c 
H202against its TSI 
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straight line. This indicates that the kinetic mechanism is the same at all of these 
temperatures. 

The expression for the rate constant of the homogeneous decomposition of h/c 
H 2 O 2 is 


k = 4.8 x 10 5 exp 


( 20800 \ 
\~RT~ ) 



( 11 . 1 ) 


Fig. 11.11 Kinetics of the 
homogeneous thermal 
decomposition of h/c H 2 O 2 
(94-98%), TSI = 14 
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11.3.2 Kinetics of the Heterogeneous Decomposition of h/c H 2 O 2 
on the Surfaces of Construction Materials 


The decomposition of H 1 O 2 on the surfaces of catalytically active materials has 
been very actively studied, while data on the decomposition of h/c H 2 O 2 in the 
presence of materials characterized by low catalytic activity are rare. There are no 
data on the kinetic parameters for decomposition at temperatures exceeding 100°C. 
This information is very important (especially for high FtV ratios) for analyzing the 
behavior of h/c H 2 O 2 during long-term storage in metal containers and when it is 
used as a heat carrier in the cooling lines of liquid rocket engines. 

To a first approximation, the decomposition of H 2 O 2 in the presence of metal 
foil can be considered to be a combination of homogeneous and heterogeneous pro- 
cesses. The macrokinetics of the heterogeneous process depends on the nature of 
the metal and its active surface area. One can estimate the kinetic constants for the 
heterogeneous reaction on the metal surface by measuring the total decomposition 
rate and subtracting the component corresponding to the homogeneous reaction. 

Samples of 96-98% H 2 O 2 were studied in the experiments. All of the characteris- 
tics were measured after the system had attained a stationary mode characterized by 
constant rates of heat and gas evolution. Due to relatively low decomposition rates 
(especially in volumetric experiments at low temperatures), the H 2 O 2 concentration 
hardly changed during the experiment. The heterogeneous decomposition of h/c 
H 2 O 2 at low temperatures was studied by a volumetric method using an AVD-type 
device connected to a thermostated reaction vessel (25 cm 3 , optical grade quartz) 
installed on a vibration stirrer. The heat carrier was pumped from an ultrathermostat 
and circulated in the reaction vessel water jacket. 

Two rates of gas evolution were measured: before a small piece of metal foil 
(F = 10-50 cm 2 ) was placed into the reaction vessel with h/c H 2 O 2 (Whom) and 
after this (Wf). Assuming that 

W E = k E V = k hom V + k s F, (11 .2) 


the rate constant for heterogeneous decomposition was calculated as 


ks 


W E — Wh om 
11200 (G/g)(F/V) 


(11.3) 


where G is the h/c H 2 O 2 weight and g h 2 Oi is its molecular weight. 

The high-temperature experiments were carried out using the calorimetric device 
used to study the kinetics of homogeneous decomposition described above. A small 
piece of the metal under study was placed in the reaction vessel. 

The first set of experiments was performed using samples of stainless steel foil 
(grade H18N10T, 0.15 mm thick, F = 6.3-28 cm 2 ) and aluminum foil (grade AD-1, 
0. 1 mm thick, F = 24cm 2 ). Generally, when all other conditions were the same, the 
presence of the metal was found to result in a significant increase in the rate of h/c 
H 2 O 2 decomposition for the indicated range of metal surface areas. 
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Fig. 11.12 Linearization of 
data on the stationary 
warm-up during h/c H 2 O 2 
decomposition in the 
presence of stainless steel 
(H18N10T) at F/V = 6.2 (1), 
4.2 (2), 2.9 (5), 2.1 (4), 1.3(5) 
cm~ , aluminum-based alloy 
(AD-1) at F/V = 5cm- 1 (6) 
and in the absence of any 
metal (7) 


AT 

1-p 



Data on the dependence of the stationary warm-up on the liquid temperature for 
the homogeneous decomposition of Ho CD (7) and for the processes occurring in the 
presence of stainless steel foil (1-5) and aluminum AD-1 (6) are given in Fig. 11.12. 

Noting that heterogeneous decomposition takes place in the kinetic region (see 
below) according to a first-order reaction occurring in the quasi-stationary mode 
(cpdT /dr<C<xS'A7’ /V), one can write the heat-balance equation as 

/ E \ ( E* \ F aS 

Qkoexpi^-— J (l-Tj) + Qk 0S exp^- — J (1-tj)- = —AT?. (11.4) 


If the kinetics of the homogeneous decomposition of h/c H 9 O 2 in the presence of 
a metal is identical to that of the "pure” h/c H 9 O 2 (7), then one can calculate the 
constant for the heterogeneous decomposition rate using the following modified 
form of Eq. (11.4): 


ATz~ A7hom ocS 
Q(F/V)( l-T])!^ 


(11.5) 


The corresponding analysis of the results obtained is illustrated by Figs. 11.13 and 
11.14. 

Studying the effect of trace iron ion on the rate of homogeneous h/c FEOo de- 
composition is an individual research task. A plot of the total rate constant for the 


Fig. 11.13 Plot of the total 
rate of h/c H 2 O 2 
decomposition in the 
presence of stainless steel 
(H18N10T) at F/V = 6.2 (1), 

4.2 (2), 2.9 (3), 2.1 (4), 

1.3 (51cm- 1 , 
aluminum-based alloy 
(AD-1) at F/V = 5cm- 1 (6) 
and in the absence of any 
metal (7) 



2.3 2.4 2.5 2.6 2.7 T ~i ]() 3 K -i 




11.3 Thermal Decomposition of h/c HsCH 


185 


Fig. 11.14 Kinetics of the 
heterogeneous decomposition 
of h/c H 2 O 2 on stainless steel 
H18N10T (1) and 
aluminum-based alloy AD- 1 
(2) surfaces 


fc,cm/s 



thermal decomposition of h/c H 2 O 2 against the stainless steel foil surface area is 
given in Fig. 11.15. The value of the constant obtained by extrapolation to F = 0 
slightly exceeds that of the pure h/c H 2 O 2 . However, the inaccuracy of the calcu- 
lated constants of heterogeneous decomposition resulting from this effect is quite 
small at k^F /V » Fhom- 

The described approach was used to study the heterogeneous decomposition of 
h/c H 2 O 2 on aluminum (grades AD-1 and A-000-93), niobium and nickel-based 
alloy (grade NP-2 before and after oxidation) surfaces. 

The experimental results processed using Eqs. (11.3) and ( 1 1 .5) in the Arrhenius 
coordinates are presented in Fig. 11.16. The corresponding expressions for the con- 
stants of heterogeneous decomposition &os and E$ are summarized in Table 11.1. 

The volumetric experiments were performed at 30-90°C, and the calorimetric 
experiments were performed at 80-160°C. 


Fig. 11.15 Plots of the total 
rate of decomposition of h/c 
H 2 O 2 against the stainless 
steel (H18N10T) surface area 


k z , lO'V 1 




186 


1 1 High-Temperature Decomposition and Thermal Explosion 


Fig. 11.16 Kinetics of the 
heterogeneous decomposition 
of h/c H 2 O 2 on surfaces of 
construction materials: 
niobium, the data obtained by 
calorimetry (1); nickel-based 
alloy NP-2 (unoxidized) (2), 
the data obtained by 
calorimetry {filled triangles) 
and volumetry ( unfilled 
circles)', nickel-based alloy 
NP-2 (oxidized) (3), the data 
obtained by calorimetry 
( filled circles) and volumetry 
{unfilled triangles)', stainless 
steel H8N0T (4), the data 
obtained by calorimetry 
( filled circles) and volumetry 
{unfilled circles)', 
aluminum-based alloys AD- 1 
(5) and A-000-93 (6), the data 
obtained by volumetry 



The good agreement observed between the experimental data obtained by the two 
methods, in particular for the stainless steel and the oxidized and unoxidized nickel, 
implies that the macrokinetic mechanisms of decomposition on the surfaces of these 
metals were the same over a wide temperature range. The decomposition rate was 
found to be highest for niobium and nickel (Fig. 11.16) and was independent of the 
stirring rate (Fig. 11.17). 

Thus one can conclude that the heterogeneous decomposition occurs in the ki- 
netic region. The uniformity of the concentration is ensured by molecular diffusion 
at lower temperatures and by active convection caused by the growth and detach- 
ment of oxygen bubbles near the metal surface at higher temperatures. 


Table 11.1 Kinetic constants for the heterogeneous decomposition of h/c H 2 O 2 on the surfaces of 
construction materials 


Material 

Temperatures, °C 

Preexponential 
factor £os, 
cms -1 

Activation 
energy 
£ s ,kJ moH 1 

Stainless steel H18N10T 

60-160 

5x 10 5 

86.7 

Aluminum-based alloy AD- 1 

110-160 

1.3 x 10 5 

87.5 

Aluminum-based alloy 

110-160 

1.0 x 10 5 

87.5 

A-000-93 

Niobium 

40-90 

9x 10 8 

83.3 

Nickel-based alloy NP-2 

50-110 

1.5 x 10 7 

86.7 

(non-oxidized) 

Nickel-based alloy NP-2 

70-140 

2.0 x 10 6 

86.7 

(oxidized) 
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Fig. 11.17 Effect of the 
stirring rate on the rate of h/c 
H 2 O 2 heterogeneous 
decomposition on the 
surfaces of niobium (i) and 
nickel-based alloy NP-2 (2) at 
T = 72°C 


lg k s 
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The effective decomposition activation energies of these very different (in terms 
of their physicochemical properties) metals are in excellent agreement (within 
the experimental accuracy E$ = 85.4 ±2.1kJmol '). This value is almost equal 
to the activation energy of the homogeneous decomposition of pure h/c H 2 O 2 
( E = 86.7 kj mol '). The significant difference between the preexponential factors 
(see Table 11.1), which reaches, for example, four orders of magnitude in the case of 
aluminum and niobium, seems to be due to the difference in the numbers of reaction 
chains that form on the surfaces of these metals. 

From a macrokinetics viewpoint, the mechanism of the heterogeneous decom- 
position of h/c H 2 O 2 on the surfaces of the studied metals can be described 
as follows. There are a certain number of initiation centers for the unbranched 
chain reaction of FFCF decomposition. Their surface concentration depends on 
the physicochemical nature of the metal and probably on the surface pretreatment 
method. One can assume the validity of relationship kos = ACs, where Cs [cm -2 ] 
is the surface concentration of initiation centers, which depends on the metal, and 
A [cm 3 s -1 ], the constant related to the homogeneous decomposition of FI 2 O 2 . Af- 
ter the process initiates on the metal surface (the free radicals HCF- and HO- ap- 
pear), the chain reaction develops into the liquid phase. Since the homogeneous 
decomposition of H 2 O 2 is characterized by relatively long reaction chains, the 
subsequent decomposition occurs according to a homogeneous mechanism [14], 
This explains the equality between the heterogeneous E$/E and homogeneous 
constants. 

Despite the high rate of the process in the vicinity of the metal surface in com- 
parison with that in the volume of the liquid phase, the corresponding H 2 O 2 con- 
centrations are similar due to a very low thickness of the interface reaction layer and 
thus relatively high mass-transfer rates. This seems to explain the independence of 
the ks value of the stirring rate. 

Based on the suggested mechanism, one can suppose that stabilizing agents 
for the homogeneous decomposition of H 2 O 2 are also efficient for the 
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Table 11.2 Effect of phenol stabilizer (10 2 % PhOH) on the kinetics of the heterogeneous decom- 
position of h/c H 2 O 2 


Temperature, °C 

Material 

F IV, cm 1 

Is.cms 1 

£s(PhOH), cms 1 

h 

/ts(PhOH) 

90.5 

H18N10T 

1.25 

1.8 x 10- 7 

8.05 x 10- 8 

2.24 

81.1 

H18N10T 

1.25 

9.5 x 10~ 8 

4.32 x 10~ 8 

2.20 

96.2 

H18N10T 

1.25 

2.5 x 10~ 7 

1.11 x 10~ 7 

2.25 

83.1 

H18N10T 

1.25 

8.3 x 10~ 8 

3.45 x 10~ 8 

2.41 

98.4 

H18N10T 

1.25 

2.5 x 10~ 7 

1.06 x 10~ 7 

2.34 

67 

NP-2 

2.5 

4.6 x 10~ 7 

1.88 x 10~ 7 

2.44 

62.5 

NP-2 

2.5 

3.1 x 10~ 7 

1.34 x 10~ 7 

2.31 

79.8 

NP-2 

2.5 

1.7 x 10~ 6 

7.3 x 10- 7 

2.39 

85.3 

NP-2 

2.5 

2.5 x 10~ 6 

1.10 x 10~ 6 

2.26 

88 

NP-2 

4.1 

4.1 x 10- 6 

1.78 x 10- 6 

2.30 


pseudo-heterogeneous processes under consideration. The correctness of this sug- 
gestion has been shown experimentally, at least for stainless steel and nickel-based 
alloy, by using phenol-stabilized h/c H 2 O 9 (see Table 1 1.2). The introduction of phe- 
nol (10 2 %) results in a 2.2-2.5-fold decrease in the rate of h/c H 9 O 9 homogeneous 
decomposition. The decreases in the rate constants of heterogeneous decomposition 
on the stainless steel and nickel-based alloy surfaces are identical within experimen- 
tal accuracy. 


11.3.3 Thermal Explosion of HiO 2 

The thermal explosion kinetics and corresponding critical conditions were studied 
by the method described in Sect. 10.5.3. In the experiments carried out at P , L = 
0. 1-1.6 MPa, samples of h/c H 2 O 2 characterized by initial TSI values of 14-30 were 
studied. 

Since typical thermograms obtained at high pressures (Fig. 11.7) have parts at- 
tributed to the stationary process, the corresponding points can be plotted on a 
Semenov diagram (Fig. 11.18). The data obtained at various /A values are in qual- 
itative agreement with the q(T ) dependencies given in Figs. 10.2 (theory) and 10.6 
(heat evolution during the decomposition of DINA). The congruence of the low- 
temperature parts of the heat-evolution curves for low and high pressures is in quan- 
titative agreement with the theory. 

The congruence of the low-temperature parts at P x , = const for h/c H 2 O 2 de- 
composition is explained by the absence of an autocatalytic effect (O 2 does not 
influence the decomposition rate). In DINA decomposition (Fig. 10.6), the opposite 
situation applies due to the autocatalytic influence of nitrogen oxides. The upper 
curve in Fig. 1 1 . 1 8 (at Fk, = 1.6 MPa) can be very well described by the theoretical 
relationship 
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390 410 430 450 T, K 


q = Qk 0 exp 



( 11 . 6 ) 


where Q = 2.75kJg -1 , E = 86.7k.Jmor 1 and Icq = 4.8 x 10 5 s _1 (the values were 
obtained by kinetic methods, including low-temperature volumetric analysis). 

Let us analyze the q(T) dependencies obtained at low pressures, for example at 
Poo = 1 0 1 MPa. In the low-temperature region the vapor pressure is significantly 
lower than /L, and the increase in the heat evolution rate as a function of the tem- 
perature can be described by Eq. (1 1.6). Then, according to relationship (10.17), the 
q(T) function reaches its maximum value. At T = 409 K (the “adiabatic” temper- 
ature, Tad) q = 0, which means that according to Eq. (10.1 1) the process becomes 
thermoneutral: the heat evolved upon decomposition of the condensed phase is com- 
pletely consumed for the evaporation of the unreacted liquid. Due to the availability 
of reliable thermodynamic data for FLCL [8] and its decomposition products, one 
can compare the experimental value for the “adiabatic” temperature T a( j = 409 K 
with that calculated using Eq. (10. 11). For 96% (initial concentration) H 2 O 2 , the cal- 
culated value of the “adiabatic” temperature is equal to 410 K, which is in excellent 
agreement with the experimental value. According to Eq. (10.11), the “adiabatic” 
temperature depends on the process thermodynamics, and is not influenced by the 
kinetic parameters of the process. This is clearly illustrated by the experimental q(T) 
dependencies (Fig. 11.19) obtained at P„ = 10 - 1 MPa for two h/c H 2 O 2 samples that 
differ in their homogeneous decomposition rates (TSI = 14 and 30): for both sam- 
ples T a & = 409 ± 1 K (136 ± 1°C). Due to a relatively high value of the normalized 
heat-exchange parameter ( aS/V «8x 10 -3 Jem -3 s' 1 deg -1 ), the dual-mode phe- 
nomenon was not observed at relatively low pressures (P.„ < 1.5 x 10 -1 MPa). In 


other words, a single value of the “stationary” warm-up (A7’ st < Ar cr = 
applies to each value of To up to Tq = r ac |. The critical parameter value 


17-18 deg) 
'aS\ cr 

lim 


0.63 x 10 3 Jem 3 s 'deg 1 atP*. 


0. 1 MPa was calculated using expressions from 
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Fig. 11.19 Plot of the rate of 
heat evolution against the 
temperature for h/c H 2 O 2 
samples with TSI = 14 (1) 
and 30 (2) at P M = 0.1 MPa 


q ■ 10 3 ,J/(cm 3 s) 



the theory presented in Sect. 10.4, kinetic data on homogeneous decomposition and 
the expression for the vapor pressure F^ 2 ° 2 = 0.8 x 10 5 exp(— 575/7’)MPa[ 8 ]. This 
value for the critical parameter is significantly lower than that indicated for the ex- 
perimental setup used. At higher pressures (P„ > 1 MPa), both self-heating modes 
were observed, which is characteristic of regular (nonvolatile) systems prone to 
thermal explosion. However, in contrast to regular systems, the maximum value of 
h/c H 2 O 2 warm-up measured with a thermocouple under above-critical conditions 
was quite high (3-5 times higher than that estimated using the Semenov theory: 
R Tfi/E). In this case, the maximum liquid temperature was lower than the theo- 
retical “adiabatic” temperature, T a ^. It was found from the thermograms that the 
decomposition of h/c H 2 O 2 occurs in the llameless flash mode. After reaching its 
maximum (“non-Semenov”) value, the warm-up rapidly drops. As the pressure in- 
creases further (7T, >1.5 MPa), the warm-up of the liquid under above-critical con- 
ditions is accompanied by self-inflammation of the vapor. The process occurring 
under above-critical conditions is characterized by relatively poor reproducibility. 
This is because it is impossible to keep the conditions for heat and mass transfer 
in the gas phase above the vigorously decomposing liquid constant. Since the uni- 
formity of the temperature in the liquid phase is ensured by its active mixing with 
rising oxygen bubbles, the approximation Bi <C 1 used to calculate the critical con- 
ditions is quite correct. The corresponding experimental and theoretical data are in 
satisfactory agreement (Table 11.3). 


Table 11.3 Comparison of theoretical and experimental parameters of the thermal explosion of 
h/c H 2 O 2 


(aS/V) x 10 3 , 

J cm~ 3 s _1 deg -1 

Poo, MPa 

r<f , K 


A P cr , K 


A r st , K 


Theor. 

Exp. 

Theor. 

Exp. 

Theor. 

Exp. 

7.5 

1.1 

420 

422 

17.0 

20.5 

93 

64 

9.2 

1.6 

427 

429 

17.5 

18.6 

132 

Vapor inflammation 

12.9 

1.7 

433 

434 

18.0 

19.0 

140 

Vapor inflammation 
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The difference between the experimental and theoretical values of the station- 
ary above-critical (non-Semenov) warm-up can be explained by using a model that 
ignores the conversion degree. However, as was found from the above-critical ther- 
mograms, the conversion degree corresponding to AT st is quite high (rj ~ 0.4). 


11.4 Thermal Decomposition of Hydrazine 

The experimental determination of the kinetic parameters for hydrazine decompo- 
sition is quite difficult to achieve due to its low boiling point and its high (compared 
with h/c H2O2) thermal stability. 

The composition of the gaseous products of commercial hydrazine decomposi- 
tion was determined by a volumetric method using the AVD and a chromatograph. 
At 50-100°C and for low conversion degrees (77 ~ 1-3%) the gas-phase products 
were found to consist of N2 and H2 in the ratio N2/H2 ~ 18/20 (within the experi- 
mental accuracy). 

Noting that the ammonia produced completely dissolves in hydrazine, one can 
write the following equation for the overall process of the liquid-phase decomposi- 
tion of hydrazine: 

N 2 H 4 (0^ ^(1-x)NH 3 (0 + ^(1 + 2x)N 2 (g)+2xH 2 (2), (11.7) 

where x « 10 2 . 

When the chemical analysis of the decomposition products was very difficult 
to perform (for manometric experiments at high pressures and thermographic ex- 
periments using hydrazine samples contained in sealed glass ampoules), they were 
assumed to consist of NH3 and N2 only. Taking into account the high thermal stabil- 
ity of hydrazine and its relatively low boiling point (at atmospheric pressure), and 
on the basis of estimates obtained using Eqs. (10.8a) and (10.8b), it was decided 
to run kinetic experiments at high temperatures and pressures. The behavior of hy- 
drazine samples contained in sealed vessels (which prevented its evaporation) at 
T > 373 K was studied by manometric and calorimetric (of the thermographic type) 
methods. Thus the homogeneous decomposition rate of hydrazine was measured in 
the temperature range 318-532 K using the following techniques: 

- Volumetry ( T = 318-350 K, atmospheric pressure) using the Microdroplet device 
(I) and AVD (II). 

- Manometry ( T = 350-430 K, P = 0.1-5 MPa). The pressure as a function of 
time was measured by standard manometers installed on aluminum thermostated 
closed containers containing hydrazine (III). A method (developed by Prof. 
Nechiporenko) for measuring the pressure in a sealed hydrazine-containing ves- 
sel as a function of time was also used (IV). 

- Thermography ( T = 535-588 K, P < 8 MPa). The method used is similar to a 
technique described in Sect. 10.5.1, but in this case, hydrazine samples were 
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sealed in glass cylindrical ampoules (inner diameter 3.5-7 mm, wall thickness 
1 .5-2 mm, length 50 mm) placed in the electrically heated furnace of the thermo- 
graph (V). 

Due to the high thermal stability of hydrazine, relatively high conversion degrees 
cannot be attained for the short durations of the low-temperature experiments (meth- 
ods I-IV). The experiments were terminated after the process attained its stationary 
mode, characterized by a constant change in the volume (methods I— II) or pressure 
(methods III-VI). 

In contrast, in the high-temperature (thermographic) experiments, hydrazine was 
found to be almost completely decomposed. 

Typical thermograms for the high-temperature decomposition of hydrazine are 
shown in Fig. 1 1.20. The data were processed using the approach described above. 
The decomposition was found to occur according to a first-order reaction (n = 
0.90±0.05, Fig. 11.21). 

Fig. 11.20 Thermograms of \T °C 

the high-temperature 
decomposition of hydrazine 
at various temperatures 

10 


5 


50 100 150 min 

\g(dr\/dt) 


Fig. 11.21 Dependence of 
the isothermal rate of the 
high-temperature 
decomposition of hydrazine 
on the conversion degree at 
T = 282°C and n ~ 0.86 
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Fig. 11.22 Summarized data on the kinetics of the homogeneous decomposition of hydrazine in 
the liquid phase obtained by the Microdroplet method (filled circles ), AVD method (squares), 
manometric method with standard manometers and aluminum containers (unfilled circles), mano- 
metric method developed by Prof. Nechiporenko (diamonds), thermography ( triangles ); data from 
[3] obtained using mass spectrometry (crossed circles), data from [4] obtained using the high- 
pressure manometric method (crosses) 


A generalized Arrhenius plot including data obtained in this work as well as 
literature data from [3] (obtained by applying mass spectrometry to the products) 
and [4] (high-pressure manometry using differential pressure mercury gauge) is 
shown in Fig. 11.22. 

The kinetics of the homogeneous decomposition of hydrazine does not change 
over a wide temperature interval (« 240 deg) and an extremely wide range of the 
rate constant (ss 9 orders of magnitude). The expression for the rate constant is 


k= 5 x 10 60±a2 exp 


26800 ±800 
RT 


( 11 . 8 ) 


An express method for evaluating the stability of hydrazine (using the Microdroplet 
device) under long-term storage conditions was developed based on the kinetic data 


Table 11.4 Kinetic constants for the heterogeneous decomposition of hydrazine on the surfaces of 
construction materials 


Material 

Temperature, °C 

Preexponential 
factor fcos . 
cm s -1 

Activation 

energy 

E, kJ moH 1 

Stainless steel H18N10T 

30-260 

13 

66.7 

Stainless steel 12H18N10T 

40-130 

380 

76.7 

Nickel-based alloy EI654 

40-130 

15 

72.9 

Stainless steel 12H21N51 

40-130 

29 

72.1 

Teflon film FT-4MB 

50-95 

25 

82.9 

Aluminum-based alloy AMG-6 

50-130 

12 

90.8 
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obtained [17]. This method is used in one of the chemical plants in Russia for quality 
control of commercial hydrazine (the maximum gas evolution is 1-2 1/ton during a 
year of storage at 20°C) and bench tests (the maximum gas evolution is higher than 
that indicated above). 

The kinetics of the heterogeneous decomposition of hydrazine on surfaces of 
construction materials were studied using the approach described in Sect. 11.3.2. 
The data obtained are summarized in Table 1 1 .4. 
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Final Conclusions 


Here we review the most important results from the studies presented in this book. 

1 . The qualitative aspects of the macrokinetics of the fast high-temperature decom- 
position of condensed energetic materials, including explosives, gunpowders 
and the majority of modern propellants (solid, liquid and hybrid), were thor- 
oughly analyzed. It was shown that phenomena resulting from the spatiotempo- 
rally nonisothermal character of the processes and equilibrium physicochemical 
transformations (evaporation, sublimation and dissociation) play a very impor- 
tant role. Therefore special experimental and analytical methods for studying 
these processes need to be developed. 

2. A theory of the linear pyrolysis of condensed compounds was developed. An- 
alytical relationships between experimentally measured characteristics (linear 
decomposition rate, temperature of the pyrolysis surface, parameters of outward 
heat exchange, etc.) and the kinetic constants of the limiting decomposition re- 
action were derived. Depending on the parameters, linear pyrolysis was found to 
occur in two modes: kinetic (the pyrolysis macrokinetics are identical to the true 
decomposition kinetics and E e g ss £ tme ) and inner diffusion (E e g- ss £ true /2). 

3. Devices for measuring the basic characteristics of the linear pyrolysis of com- 
ponents of composite solid and hybrid propellants (linear decomposition rate, 
temperature of the pyrolysis surface, total gasification heat, and others) at high 
pressures and in vacuum were designed. The following unique devices can be 
used to obtain data that were previously unavailable: (i) “chemical arc,” for mea- 
suring the rate of pyrolysis due to the interaction flame for oxidizers and fuels 
of composite solid propellants and for identifying the area of action of the com- 
bustion catalyst; (ii) a device for performing the linear pyrolysis of thin films 
with double thermostating, for direct determining the decomposition mechanism 
(volumetric or surface); (iii) block calorimeter, for the express determination 
of the total heat values for the high-temperature pyrolysis of condensed com- 
pounds, including thermoplastic combustible composite solid and hybrid fuels. 

4. Linear pyrolysis of model binders (linear and crosslinked PMMA) was studied 
over wide parameter ranges. The experimental dependencies of the pyrolysis 
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rate on the surface temperature were found to be in qualitative agreement with 
conclusions made based on the theory of linear pyrolysis. The kinetic param- 
eters of high-temperature PMMA decomposition estimated using the formula 
from the theory were shown to be in good quantitative agreement with kinetic 
data on the volumetric decomposition of PMMA. A new “third” mode of high- 
temperature linear pyrolysis of polymers was described for the first time. This 
mode is characterized by an active increase in the pyrolysis rate as the thermal 
flux rate increases for insignificant growth of the surface temperature after it 
reaches a certain (polymer-specific) value. The third mode needs further stud- 
ies, but it is clear that it is significantly influenced by a change in the kinetic 
mechanism (from “end initiation” to “random chain rupture”), the evaporation 
of large chain fragments and the dispersion of unreacted polymer particles. 

5. At standard rates of burning in combustion chambers of hybrid rocket engines, 
the pyrolysis of hybrid polymer-based propellants was found to occur in the 
third mode. This explains the weak influence of the kinetic constants of the 
high-temperature decomposition of polymers on the burning rate. The universal 
character of the corresponding dependence was proven by comparative analysis 
of the experimental total heat values for the high-temperature gasification of a 
number of model and commercial hybrid propellants and the rates of burning of 
these fuels in hybrid rocket engines. In other words, the total heat of gasification 
is the main characteristic of the high-temperature decomposition of the material, 
which determines its rate of linear burning in a hybrid rocket engine. An express 
method for the preliminary evaluation of the hybrid propellant burning rate from 
data obtained using high-temperature calorimetry was developed. 

6. A simple and efficient method for evaluating kinetic constants for the initial 
stages of the high-temperature decompositions of homogeneous blasting pow- 
ders and heterogeneous composite solid propellants from their ignition charac- 
teristics using a hot heat-conducting block was developed. The kinetic patterns 
of the corresponding processes for some practically interesting homogeneous 
materials (nitrocellulose, organic azide APU, and others) and a wide range of 
AP-based model and commercial composite solid propellants were studied. Ex- 
pressions for the kinetic constants for limiting decomposition reactions obtained 
from data on the ignition of composite solid propellants were found to differ sig- 
nificantly from those for low-temperature decomposition. It was shown for com- 
mercial polyurethane -based composite solid propellant (used as an example) 
that processes determining the kinetics of the high-temperature decompositions 
of AP-polymer mixtures also occur at relatively low temperatures. However, 
in the latter case they are not very apparent due to the very low reaction rates 
caused by very high activation energies. The parameter ranges within which the 
high-temperature decomposition of composite solid propellants accompanying 
ignition and burning can be treated as being homogeneous were determined. 
Aluminum was found to have no influence on the high-temperature decomposi- 
tions of composite solid propellants. 

7. DTA- and TGA-based methods were used to obtain data on the kinetics of 
the fast high-temperature decomposition of propellants. Two approaches to 
deep reagent ballasting with an inert compound (“mechanical” and “thermal” 
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dilution) that are used for homogeneous and heterogeneous systems were 
proposed. These techniques allow valuable information to be obtained about the 
kinetics of fast deep transformations in condensed systems at high temperatures. 

8. Automated devices used to obtain data on the rate of heat evolution under 
isothermal conditions and programmed heating (at pressures from 1 0 3 to 
5 MPa and temperatures from 300 to 800 K) were designed, manufactured and 
applied for laboratory studies. Methods and volumetric devices for measuring 
gas evolution rates covering seven orders of magnitude ( 1 0 6 to lOncm 3 s 1 ) 
were developed. 

9. The macrokinetics of AP (the most commonly used oxidizer for modern com- 
posite solid propellants) decomposition was quantitatively characterized over 
a wide range of temperatures and pressures by the linear pyrolysis method 
and thermography. The decomposition kinetics was shown to be constant over 
a range of rate constants covering six orders of magnitude. The process was 
found to occur via two stages: the fast decomposition of a small amount of the 
reagent (12-15%) and the relatively slow decomposition of the rest of the com- 
pound. The kinetic parameters of the stages were determined, and a generalized 
equation describing the high-temperature decomposition of AP was obtained. A 
specific mode of AP linear pyrolysis accompanied by the burning of gaseous 
products of dissociative sublimation at P k, 0.1 MPa and 7s ~ 830 K was ob- 
served. The parameters of this mode and the experimental dependence of the to- 
tal thermal effect of the high-temperature decomposition of AP on the pressure 
were explained in relation to irreversible decomposition and reversible processes 
that occur simultaneously in volatile explosives. 

10. The linear pyrolysis of components of a model composite solid propellant (AP 
and PMMA) was studied under the conditions of burning in the chemical arc. It 
was shown that two flames coexist in the gas gap separating the components: a 
deflagration flame near the AP surface and an interaction flame near the PMMA 
pyrolysis surface. Burning in the interaction flame at 0. 1 MPa occurs with an 
oxidizer deficiency. The effect of introducing the combustion catalysts CuO and 
Fe 2 C >3 separately into fuel and oxidizer on linear pyrolysis in the chemical arc 
was studied. Fe 2 C >3 was found to influence the process when it was present in 
the polymer, while the effect of CuO could be seen when it was introduced into 
the oxidizer. This was explained on the basis of ideas about how the mechanism 
of the catalyst influences the kinetics of AP thermal decomposition and the con- 
version of hydrocarbons. It was shown that the chemical arc-based technique is 
quite promising for studying the mechanisms of pyrolysis and combustion of 
composite solid propellant components. 

11. High-temperature decomposition of AP-based model mixtures and commer- 
cial composite solid propellants was studied using thermography and thermo- 
gravimetry over wide ranges of temperatures, pressures and conversion degrees. 
For almost all of the studied materials, the overall process was found to occur via 
two stages characterized by activation energies of 125 and 229-250 kJmol -1 . 
For mixtures based on polymers that have different structures and thermode- 
struction characteristics, the first-stage rate constants differ significantly, while 
the second-stage kinetic parameters are almost identical. A strong inhibitory 
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influence of the pressure on the kinetics of the second stage of the high-tempera- 
ture decompositions of AP-based composite solid propellants was observed and 
studied. These phenomena were qualitatively explained by the staged nature of 
the polymer oxidation and by the dependence of the relative fraction of the equi- 
librium AP dissociation product (chloric acid vapor) in the gas oxidizer pro- 
duced by AP decomposition on the ambient pressure. 

12. The decomposition macrokinetics and thermal explosion of volatile explosives 
and monopropellants were analyzed. In contrast to nonvolatile explosives and 
gas systems, self-heating and especially thermal explosion was found to be com- 
plicated due to the absorption of heat consumed during phase transitions (evapo- 
ration, sublimation) in the volume. The ambient pressure was shown to affect the 
critical condition due to the specific characteristics of the dependence of the rate 
of heat evolution on the temperature and ambient pressure. New modes above 
the explosion initiation limit that are characterized by quasi-stationary warm-ups 
that significantly exceed the maximum stationary warm-up value from Semenov 
theory were theoretically predicted and analyzed. Expressions for quantitatively 
evaluating the contribution of the volatility to the reaction macrokinetics in 
calorimetric and thermogravimetric kinetic experiments were obtained. An an- 
alytical scheme for determining the critical conditions for thermal explosion 
of volatile explosives and monopropellants was proposed. The critical condi- 
tion was found to be determined by the kinetics of the gas-phase reactions. 
The process associated with the region above the explosion initiation limit can 
occur in two modes: as a vigorous flameless flash or as a process of vapor self- 
inflammation, depending on the macrokinetic conditions of the vapor-phase re- 
action. The correctness of the theory developed was quantitatively verified by 
experimental data on the thermal explosions of DINA (volatile explosive) and 
h/c H 2 O 2 (monopropellant). Contradictions between the explanation for the in- 
flammation mechanism of these compounds proposed by Belyaev (flash in the 
vapor phase) and the experimental results obtained by Merzhanov (the critical 
condition for thermal explosion is determined by the reaction kinetics in the 
condensed phase) were also resolved. 

13. The homogeneous decomposition of the promising monopropellants h/c H 2 O 2 
and N 2 H 4 were studied over a wide temperature range using modern physical 
methods including newly developed ones (described in this book). The expres- 
sions for the rate constants were obtained for H 2 O 2 over the temperature range 
of 300-445 K and a reaction rate interval covering 5.5 orders of magnitude, and 
for N 2 H 4 over the temperature range of 310-580 K and a reaction rate interval 
covering nine orders of magnitude. The proposed express methods for evalu- 
ating the stabilities of these monopropellants were implemented for laboratory 
research and factory tests. 

14. The kinetics of the heterogeneous decompositions of h/c H 2 O 2 and N 2 H 4 on the 
surfaces of the most commonly used construction materials was studied. The 
data obtained have been successfully used in R&D laboratories and engineering 
and design departments to evaluate the stabilities of these monopropellants and 
develop safety recommendations for their storage and application in rocket and 
space engineering and technology. 
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